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Abstract 
The straw-coloured fruit bat, Eidolon helvum, has been identified as a reservoir for 
potentially-zoonotic henipaviruses and Lagos bat virus (LBV) in continental Africa. 
Longitudinal studies at a large urban colony in Accra, Ghana aim to better understand E. 
helvum and viral ecology, as well as the nature of human-bat interactions. To assess 
whether the findings from these studies can be extrapolated across the species’ 
continental range, more information on the movement ecology of the species and 
connectivity of populations across its range was required.  
A multifaceted approach, using techniques from the field of genetics, population 
ecology, and virology, was used to understand the ways in which the structure and 
dynamics of fruit bat populations across Africa may affect the viral transmission 
dynamics within them. Given recent difficulties in using electronic positioning systems 
on E. helvum to track movement, genetic methods were proposed as the most appropriate 
way to assess connectivity between populations across such a vast range. 
Henipavirus and LBV serological analyses were undertaken on samples from 12 
populations of E. helvum bats across its continental and offshore-island range. A 
combination of mitochondrial DNA and microsatellite markers were used to describe the 
genetic metapopulation structure of E. helvum and data were obtained in each location 
on population sizes, demographic structure, reproductive and migratory seasonality, as 
well as bat-human interactions.  
Consistent with expectations for a vagile migratory species, a panmictic continental 
population structure was detected across its continental range, although the extent of this 
panmixia was greater than previously detected in any other mammal or bird. Antibodies 
to henipaviruses and LBV were detected in all continental populations. Isolated island 
populations in the Gulf of Guinea were genetically distinct from each other and the 
continental population. Given the isolation of these island fruit bats and the lack of 
connectivity with other populations, it was expected that populations would be too small 
to allow persistence of any viruses that cause acute, immunising infections. Contrary to 
expectations, island individuals displayed evidence for exposure to both viruses.  
E. helvum is known to roost close in proximity to human populations across continental 
Africa, and these results could therefore have important public health implications. 
Further longitudinal studies across multiple locations and information on social 
structure, daily and seasonal movements are needed to make inferences about virus 
transmission dynamics and zoonotic risks within the complex population structure.   
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Ks The number of synonymous substitutions per synonymous site 
λ Force of infection 
Ne Effective population size 
nh Number of haplotypes 
Nm Population migration rate in numbers of individuals per generation (as a 
measure of gene flow) 
µ Substitution rate 
π Nucleotide diversity 
ΦCT The proportion of nucleotide diversity within subpopulations, relative to the 
total population 
ΦSC The proportion of nucleotide diversity among all subpopulations, within 
regions 
ΦST The proportion of nucleotide diversity among all subpopulations, relative to 
the total population 
p0 Proportion of individuals immune at birth (in force of infection and waning 
immunity model) 
pRST Slatkins RST with permuted alleles 
R0 Basic reproductive number 
R2 Coefficient of determination (Square of the correlation coefficient) 
R2 Ramos-Onsins and Rozas' R2, Class I neutrality statistic 
Reff Effective reproductive number 
ri Rate of loss of infection-induced immunity (in force of infection and waning 
immunity model) 
rm Rate of loss of maternal immunity (in force of infection and waning 
immunity model) 
RS Average allelic richness 
RST Slatkins RST, an adaption of FST assuming SMM 
S/d von Haesler's expansion coefficient, Class I neutrality statistic 
Tajima's D Class I neutrality statistic 
τ The mode of a mismatch distribution and estimated time since expansion 
θs Molecular diversity estimated from the number of polymorphic sites 
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Preface 
Since 2007, investigations into the epidemiology and ecology of zoonotic viral infections 
in straw-coloured fruit bats (Eidolon helvum) in Ghana have been undertaken as part of a 
collaborative research project between the Institute of Zoology (Zoological Society of 
London), the Cambridge Infectious Diseases Consortium (CIDC, University of 
Cambridge), the Wildlife Zoonoses and Vector-borne Diseases Research Group (Animal 
Health and Veterinary Laboratories Agency), and the Wildlife Division of the Forestry 
Commission and Veterinary Services of Ghana. 
My involvement with this project began in 2008 when, after completing a Masters in Wild 
Animal Health at the Zoological Society of London, I joined the CIDC as a Junior Fellow. 
My primary interests lie in wildlife epidemiology and, more specifically, the mechanisms 
underlying the emergence of infectious diseases in wildlife. As a veterinarian from the east 
coast of Australia, I am acutely aware of the risks of zoonotic virus spillover from fruit 
bats (i.e. Hendra virus and Australian Bat lyssaviruses), and how the paucity of 
information on the ecology and movements of the reservoir species impacts our 
understanding of the viral dynamics, and the factors precipitating spillover. Of great 
interest to me were the numerous parallels between the situation in Australia, and Ghana, 
where E. helvum was implicated as a reservoir for henipaviruses and a lyssavirus (Lagos 
bat virus). When I joined the project in 2008, with two PhD students already allocated to 
undertaking longitudinal studies of these two viruses in Ghana, the remaining question 
pertained to whether the findings in Ghana were representative across the remainder of the 
species’ continental range. While the focus was ultimately the epidemiology of these 
viruses, it was recognised that a better understanding of the movement ecology of the 
species and connectivity of populations across this range would be needed to interpret any 
findings. Given recent difficulties in fitting satellite GPS transmitters onto E. helvum to 
track individual movements, genetic methods were proposed as the most appropriate way 
to assess connectivity between populations across such vast distribution. 
With no prior experience in population genetics, this has been a challenging component of 
the research for me; however, in 2010, the genetic findings were vital in steering the 
research in the direction of the Gulf of Guinea islands. While the logistics, physical and 
personal demands of undertaking research in isolated field sites on these islands became 
the next challenge, the experience and results from this component of my research have 
been highly rewarding. 
  xviii 
The concurrent longitudinal studies in E. helvum in Ghana undertaken by David Hayman 
(on Lagos bat virus) and Kate Baker (on henipaviruses) have been fundamental in placing 
this research into context, as have more recent studies on the utilisation of E helvum for 
bushmeat in Ghana by a fourth PhD student, Alex Kamins. However, this dissertation is 
the result of my own work and includes nothing which is the outcome of work done in 
collaboration with others, except where specifically indicated in the text and table of 
collaborations.  
Chapter 1 places the research into context by assessing current literature in the field of 
emerging infectious diseases of wildlife, and outlines the research proposition, the 
approach taken and its significance. More detailed literature reviews relevant to each of the 
main research areas, and the rationale for the approaches taken, are given in each of the 
subsequent chapters.  
Chapter 2 reviews, and contributes to, available data on the population ecology and 
distribution of E. helvum. In addition to these data being important in their own right, they 
provide a foundation upon which to investigate the effect of various ecological factors on 
viral transmission and to interpret of data presented in later chapters. 
Chapter 3 describes the development of species-specific microsatellite markers, and 
Chapter 4 describes the use of these markers, in combination with mitochondrial DNA 
markers, to investigate the genetic metapopulation structure and evolutionary history of E. 
helvum across continental Africa and the Gulf of Guinea islands 
Chapter 5 describes the use of several serological assays to investigate whether Lagos bat 
virus and henipavirus antibodies are present in E. helvum across its range, and explores 
antibody dynamics in populations of E. helvum where they are present. 
Finally, Chapter 6 provides and overview of the results obtained and draws conclusions on 
the implications of the research and areas where further research is required. 
Supporting documents, tables and figures are provided in appendices. 
 
The dissertation does not exceed the required word limit. Word count: 58, 622. 
  
Chapter 1 Introduction 
Emerging Infectious Diseases 
Wildlife are the source of over 70% of zoonotic emerging infectious diseases (EIDs) and 
although cross-species transmission of pathogens is nothing new, the frequency of EID 
events is increasing (Jones et al. 2008). This increase has been attributed to rapidly 
changing interactions among human, domestic animal and wildlife populations as a result 
of factors such as ongoing human population growth and urbanisation, encroachment on 
wildlife habitats, and land-usage change (Morse 1995; Daszak et al. 2000; Cleaveland et al. 
2001; Childs et al. 2007; Pulliam 2008). The emergence process for each pathogen is likely 
to be unique and this broad categorisation of drivers simplifies what is likely a complex 
interaction of the occurrence of multiple simultaneous or sequential processes (Cleaveland 
et al. 2007) 
The initial stage of pathogen emergence in a novel host is a ‘spillover’ or transmission 
event from a reservoir host population, however subsequent emergence in the new host is 
not guaranteed. Multiple outcomes are possible, and several classifications for zoonotic 
pathogens and ‘stages’ over spillover have been described (Antia et al. 2003; Woolhouse et 
al. 2005; Childs et al. 2007; Wolfe et al. 2007; Lloyd-Smith et al. 2009). Following Lloyd-
Smith et al. (2009) but generalising for all spillover hosts rather than just humans, Stage I 
pathogens circulate only in in their natural animal reservoirs, and spillover pathogens can 
be classified as stage II to IV based on the expected number of secondary cases produced 
by a typical infectious individual in a wholly susceptible population (i.e. the basic 
reproductive number, R0). Stage II pathogens can spillover to a new species but not 
transmit from individual-to-individual within that species, resulting in dead-end infections 
(R0 = 0, e.g. rabies virus in humans and avian influenza in cats (Harder & Vahlenkamp 
2010)). Stage III pathogens can go one step further, and after initial spillover, result in 
short, stuttering chains of infections in the new host (R0<1, e.g. Nipah virus in humans and 
Hendra virus in horses (Daniels et al. 2007)), whereas stage IV are capable of sufficient 
adaptation to the new host to permit sustained transmission (R0 > 1, e.g. Human 
Immunodeficiency Virus (HIV) in humans and rabies in domestic dogs). Although stage II 
spillover of RNA viruses may be frequent, rarely does sufficient adaptation occur to allow 
progression to stage III and IV pathogens in the new host (i.e. emergence) (Holmes 2009).  
The likelihood of pathogen spillover from wildlife depends not only on opportunity 
(proximity and frequency of interaction of the spillover host with wildlife reservoirs, which 




prevalence of infection in the wildlife reservoir and the transmission dynamics within that 
host. Transmission dynamics within wildlife populations are likely to vary among 
geographical regions and habitat types (Allan et al. 2003), among seasons (Altizer et al. 
2006), and over longer time scales (Amengual et al. 2007). It is therefore essential to 
understand the dynamics of potentially zoonotic pathogens in their natural reservoir hosts 
to be able to understand or predict spillover dynamics. 
The likelihood of spillover and subsequent ongoing transmission also depends on the 
capability of transmission to a new host, which is dependent on viral characteristics, host 
demography, and taxonomic similarity between the reservoir and spillover host. The 
majority of emergent viruses are RNA viruses (Domingo & Holland 1997; Cleaveland et 
al. 2001), including retroviruses (HIV), filoviruses (Ebola, Marbug), coronaviruses 
(SARS-CoV), rhabdoviruses (Rabies) and paramyxoviruses (Hendra, Nipah). It appears 
broadly true that, through characteristics such as high mutation rates, high yields and short 
replication times, RNA viruses are able to readily evolve and adapt to take advantage of 
these new opportunities for host-jumping (Domingo & Holland 1997; Woolhouse 2002; 
Holmes 2009). However, not all RNA viruses are able to adapt equally to new hosts. 
Spillover and successful emergence appears more likely in viruses that are transmitted by 
vectors (Woolhouse et al. 2001), use cell receptors that are conserved across taxonomic 
orders (Woolhouse 2002; Moya et al. 2004; Pulliam 2008), undergo replication in the 
cytoplasm (Pulliam & Dushoff 2009) and have a ‘persistent’ life strategy of infection in 
their natural host (Villarreal et al. 2000). 
 
Bats as reservoirs of EIDs 
Bats have been highlighted as reservoirs of many recently emerged zoonotic viruses, and 
the potential reasons reviewed extensively (Calisher et al. 2006; Food and Agriculture 
Organisation of the United Nations 2011; Kuzmin et al. 2011). In brief, factors highlighted 
(and referenced) in these reviews include: 
- Bats have evolved over the last 52 million years into a large, diverse range of species 
(the second most specious order of mammals after rodents), with a global distribution, 
diverse life histories, habitat and dietary preferences. Compared with other 
mammalian taxa, bats have changed relatively little since. Since they appear to host 
viruses with equally ancient histories, a long history of coevolution of bats and viruses 
has been proposed. This coevolution may have favoured the use of conserved cellular 
receptors, which in turn, favours cross-species transmission. Additionally, altered 




absence of clinical signs during infections with viruses which are otherwise highly 
pathogenic in other mammalian species. 
- The vast number of at least 1,232 bat species (Schipper et al. 2008; and N. Simmons 
pers. comm. in Kunz et al. 2011), supports a large diversity of viruses capable of 
spilling over, compounded by observations that bat populations can harbour a large 
number of diverse viruses concurrently. 
- The capability of flight facilitates long-distance movements and therefore the potential 
for transmission of viruses across wider areas. 
- While some species are solitary or roost in small groups, many of the species 
recognised as hosts of EIDs are colonial species that roost at high densities in colonies 
numbering in the millions, facilitating transmission and persistence of pathogens. 
Many species undergo periods of torpor and hibernation, which allows the potential 
for prolonged viral incubation periods and persistent viraemias, both facilitating 
persistence of viruses within populations. 
- Life expectancy of bats is on average much greater than that expected of other 
mammals of equivalent body sizes. Lyssaviruses and henipaviruses have been 
proposed by some to be capable of establishing persistent infections within a small 
number of individuals, and subsequently facilitate population-level persistence. This 
would be required in fewer individuals if those carriers were long-lived.  
 
The taxonomic structure of bats remains unresolved, however, and the traditional 
sub-orders Megachiroptera and Microchiroptera have been challenged (Springer et al. 
2001; Teeling 2005; Hutcheon & Kirsch 2006). Currently, the favoured chiropteran 
sub-order classification is into the Pteropodiformes (comprising the Pteropodidae 
(previously Megachiroptera), Rhinolophidae, Hipposideridae, Megadermatidae, 
Craseonycteridae, and the Rhinopomatidae families) and the Vespertilioniformes (the 
remaining families) (Hutcheon & Kirsch 2006). 
Zoonotic viruses have been identified in bats from across the taxonomic range. 
Lyssaviruses, henipaviruses, coronaviruses and filoviruses are examples of bat-associated 
viruses that are of significant public health concern and are currently the focus of global 






Globally, over 55,000 people are thought to die annually as a result of infection with rabies 
virus (RABV) from canine bites (Knobel et al. 2005). While domestic dogs are the 
principal reservoir for human infections, evidence suggests that RABV and other 
lyssaviruses originated and evolved in bats prior to spillover into carnivore hosts (Badrane 
& Tordo 2001; Knobel et al. 2005). The majority of experimental and epidemiological 
studies on rabies in bats have been undertaken on RABV in American insectivorous and 
haematophagous species. While RABV infection in other mammals is almost invariably 
fatal, significant individual variation in infection outcome has been observed in bats (e.g. 
Turmelle et al. 2010b). While some individuals develop clinical signs corresponding to 
those seen in other mammals, others develop a neutralising antibody response in the 
absence of clinical signs (reviewed by Banyard et al. 2011). Field and modelling studies 
indicate that population-level rabies virus dynamics in one temperate species are dependent 
on an annual hibernation period (with reduced bat mortality and viral activity), long 
infectious periods, and moderate juvenile mortality so as to maintain an adequate 
population size for the virus to persist (George et al. 2011). 
A greater diversity of lyssaviruses exists in bats outside of the Americas. Fourteen species 
in the Lyssavirus genus have been identified, including 11 classified and 3 new species. 
The classified species can be divided based on their phylogenetic relationships; in Africa, 
these include phylogroup I (including RABV and Duvenhage virus) and phylogroup II 
(Lagos bat virus (LBV), and Mokola virus). Of the three recently isolated lyssavirus 
species (Bokeloh bat lyssavirus (Freuling et al. 2011), Shimoni bat virus (Kuzmin et al. 
2010) and Ikoma virus (Marston et al. 2012)), all were isolated from bats, and the latter 
two were isolated from central/east Africa. 
Of the multiple bat-associated lyssaviruses identified in bats in Africa, LBV has received 
considerable attention. After its original isolation in straw-coloured fruit bats (Eidolon 
helvum) in Nigeria (Boulger & Porterfield 1958), it has subsequently been isolated from 
this species in Senegal and Kenya (Pasteur 1985a; Kuzmin et al. 2008), and antibodies 
have been reported in E. helvum populations in Ghana, Kenya and Nigeria (Kuzmin et al. 
2008; Hayman et al. 2008a; Dzikwi et al. 2010). LBV has also been isolated from a 
number of fruit bat species across Africa and from an Egyptian fruit bat (Rousettus 
aegyptiacus) imported into France: (Picard-Meyer et al. 2004; Banyard et al. 2011). Since 
high seroprevalences have also been detected in R. aegyptiacus, this species may also be a 
natural reservoir host for LBV (Kuzmin et al. 2008), however no studies have been 
performed to investigate this further. Spillover of LBV to domestic and terrestrial wildlife 




reported in humans (Markotter et al. 2008b), though this may in part be due to a high rate 
of misdiagnosis of cerebral illnesses in Africa (Mallewa et al. 2007). While LBV has been 
isolated from sick and dead E. helvum, antibodies are generally detected in individuals in 
the absence of clinical signs (Banyard et al. 2011).  
A recent study (Hayman et al. 2012a), identified that LBV circulates endemically in E. 
helvum in Ghana, with evidence of horizontal transmission. With the absence of 
hibernation in tropical bat species, mechanisms for persistence of lyssaviruses in 
populations other than extended incubation periods during seasonal torpor are required 
(Hayman et al. 2012a).  
 
Henipaviruses 
E. helvum was also recently recognised as a reservoir for henipaviruses in Ghana (Hayman 
et al. 2008b). The genus Henipavirus (family Paramyxoviridae) comprises two viruses 
(Hendra (HeV) and Nipah (NiV)), which are highly pathogenic outside of their natural 
Chiropteran hosts (Wang et al. 2000). HeV first emerged in Brisbane, Australia in 1994, 
where it caused an outbreak of acute and fatal respiratory disease in horses, and acute and 
fatal encephalitis in a horse trainer (Murray et al. 1995). By 1996, the four Pteropus spp. 
fruit bats in Australia had been identified as reservoir hosts (Young et al. 1996). As 
reviewed recently (Field 2011), 14 spillover events from bats to horses were identified 
between 1994 and 2010, which resulted in the death of at least 45 horses (as a direct result 
of infection, or via euthanasia). During these spillover events, seven people acquired 
infections as a result of close contact with infected horses, and three of those people died. 
While remarkable increases in the incidence and geographical range of bat to horse 
spillovers were observed in 2011 (an additional 18 spillover events in a 12 week period), 
increased awareness among the general public and veterinarians appears to have prevented 
further human infections. While high case fatality rates have been observed in humans, 
horses and a range of experimentally infected mammals (reviewed by Eaton et al. 2006; 
Weingartl et al. 2009; Williamson & Torres-Velez 2010), no clinical illness has been 
observed in naturally or experimentally infected bats (Halpin et al. 2011).  
An outbreak of respiratory illness in pigs and fatal encephalitis in humans in Malaysia in 
late 1998 − 1999, resulted in the deaths of 105 people and the culling of over 1 million pigs 
(Chua et al. 2000). The causative agent, NiV, was subsequently identified as a novel 
paramyxovirus closely related to HeV, and fruit bats were identified as the reservoir host 
(Johara et al. 2001). It appears that spillover from bats to pigs occurred on an index farm 
where it was possible for fruit bats to feed on fruit trees in the close vicinity to, and even 




been observed since this time in Malaysia, however annual seasonal outbreaks in people in 
Bangladesh (Hsu et al. 2004; Luby et al. 2009b) and occasional spillover in India (Harit et 
al. 2006), have been observed since 2001. Here, for the first time, henipaviruses appeared 
capable of being transmitted directly from bats to humans, most likely through 
consumption of contaminated raw date palm sap (Luby et al. 2006)), and from human to 
human (Luby et al. 2009a). 
Henipa- or henipa-like paramyxovirus RNA has now also been detected in faeces and urine 
from E. helvum (Drexler et al. 2009; Baker et al. 2012). Combined with high 
seroprevalence levels, these findings have important public health implications. However, 
in addition to a better understanding of bat population dynamics, much more information is 
required on these viruses, their infection dynamics within the bat populations, and their 
potential spillover routes before the true risk can be assessed. Accurate communication of 
risks and risk-avoidance measures are required to avoid misdirected actions to prevent 
spillover (such as bat culling). Antibodies to henipaviruses have also been detected in 
sympatric bat species (Epomophorus gambianus and Hypsignathus monstrosus, Hayman et 
al. 2008b) and in a domestic pig in Ghana (Hayman et al. 2011). In each of these cases, 
antibodies were detected in single individuals from that species, and the frequency of 
spillover from E. helvum populations and the capability for ongoing transmission or 
persistence of henipaviruses in other species in Africa is unknown. 
Ongoing longitudinal studies at a large urban colony in Accra, Ghana aim to better 
understand E. helvum and viral ecology, as well as the nature of human-bat interactions (K 
Baker, A Cunningham, D Hayman, A Kamins, R Suu-Ire and J Wood, unpublished). 
Ultimately, the aim is to integrate these multi-disciplinary studies to better understand how 
the interactions between each system shape overall viral dynamics within the bat 
population, and the relevance of these findings with regard to spillover risk to human 
populations. The potential role that interspecific transmission (between E. helvum and 
other potential reservoir species) might play in henipaviruses and lyssaviruses transmission 
dynamics is an important consideration for persistence of viruses within isolated 
populations, but has not yet been investigated. 
 
The straw coloured fruit bat, Eidolon helvum (Kerr 1792) 
E. helvum is a common and conspicuous migratory species, with an extensive distribution 
across sub-Saharan Africa and a small number of offshore islands (as displayed in the 
following chapter, Figure 2.1) (DeFrees & Wilson 1988; Bergmans 1990). The Eidolon 
genus officially comprises E. helvum helvum, E. helvum sabaeum and E. dupreanum (from 




genetically distinct E. helvum bats on Annobón island in the Gulf of Guinea have also been 
proposed as a separate subspecies, E. helvum annobonensis (Juste et al. 2000). It is the 
most common bat species eaten as bushmeat in Africa (Mickleburgh et al. 2009), and as 
well as the potential risk of zoonotic pathogens through hunting and preparation of bats, 
serious concerns have been raised over the sustainability of the current offtake levels 
(Kamins et al. 2011). In addition to Accra, large seasonal roosts frequently exist in close 
proximity to large human settlements, including Dar es Salaam, Lagos, Kigali and 
Libreville (Kingdon 1974; Funmilayo 1979; Mutere 1980). The migration patterns and 
degree of contact in terms of gene flow and virus transmission between the many different 
colonies across sub-Saharan Africa are largely undescribed. This information is needed to 
understand better the transmission and maintenance of these potentially zoonotic viruses 
both within and between populations, as well as being important in its own right. 
Current-day population structure and migratory patterns of bats can be difficult to observe 
directly. Techniques such as satellite telemetry and stable isotope analysis could prove 
useful for inferring migration patterns, yet technical issues currently hinder their extensive 
use (Richter & Cumming 2008). Recent advances in the field of population genetics have 
enabled profound and detailed investigation into gene flow and metapopulation structure, 
which was previously inaccessible (Sunnucks 2000). In addition to estimating population 
structure, gene flow and connectivity among current-day populations, population level 
processes such as population splitting times can be inferred through population genetic 




My PhD research presented in the following chapters aims to describe the distribution of 
potentially zoonotic pathogens in wild E. helvum populations. In doing so, the intention 
was to identify which factors are most important in determining the likelihood of infection 
of individuals within E. helvum populations, and the transmission dynamics within these 
populations. A better understanding of viral dynamics within this reservoir host species 
will facilitate an assessment of the risk of spillover into domestic animal and human 
populations. A multifaceted approach was required to understand the ways in which the 
structure and dynamics of fruit bat populations across Africa may affect the viral 
transmission dynamics within them. I utilised techniques from fields of population 




Specifically, my research aimed to: 
• describe the genetic metapopulation structure of E. helvum across its distribution 
using a combination of mitochondrial (mtDNA) and microsatellite markers. 
• investigate whether antibodies to LBV and henipaviruses are present in E. helvum 
across its continental and island range using cross-sectional serological surveys, 
and to explore the antibody dynamics in populations of E. helvum if they are 
present.  
• gather much-needed information on E. helvum distribution, population sizes, 
seasonal patterns of reproduction and migrations 
• combine results from these multidisciplinary studies and make inferences about 
virus transmission dynamics within metapopulations and smaller closed 




Chapter 2 Contributions to the knowledge of 
Eidolon helvum population ecology 
“At Avakubi [Democratic Republic of the Congo], November 19, 1909, a flock of perhaps 
100 had taken shelter for the day beneath the limb of a large tree, some 60 feet above the 
ground, where they were shaded by a mass of epiphytic ferns and orchids, and formed one 
great squirming mass. … After watching their amusing struggles for a while, we fired both 
barrels of a gun into their midst. We were standing almost directly beneath and for a few 
seconds it simply rained bats, dead or wounded. … Hundreds of them are then slain by the 
natives, who are fond of eating these bats” 
Allen J A, Lang H, Chapin J P (1917) 
The American Museum Congo expedition collection of bats.  
 
2.1 Introduction 
Much of what is known about straw-coloured fruit bat (Eidolon helvum) ecology today was 
captured insightfully almost 100 years ago by J A Allen, based on the results of six years 
of “continuous, exceptionally successful and intelligent field work” undertaken by Herbert 
Lang and James P. Chapin in the Congo basin (Allen et al. 1917). Most of the few studies 
on E. helvum ecology since are expansions on this founding study, and particularly 
relevant excerpts are therefore reproduced in Appendix 2.1.  
In this chapter I provide an overview of potential and important relationships between host 
and viral ecology, and an introduction to what is currently known on the ecology of E. 
helvum. Given the paucity of current data, this study did not attempt to fully elucidate the 
effect of E. helvum’s ecology on viral transmission, but merely seeks to increase the 
available information on the potential variations that exist in this species. Such information 
could prove useful in the interpretation of data presented in chapters 4 and 5, and in 
focussing future studies.  
 
2.1.1 Ecological considerations for viral transmission 
It is well recognised that host ecology, behaviour and social structure play central roles in 




al. 2003; Calisher et al. 2006; Clay et al. 2009; Lloyd-Smith et al. 2009 and references 
therein). Many wildlife species exhibit highly seasonal life histories, with resultant 
seasonal changes in population density and contact rates (Altizer et al. 2006). Since 
transmission rates of a given pathogen can be affected by the density of individuals within 
host populations and the frequency of contact between those individuals (Begon et al. 
2002), seasonal variation in transmission rates in wildlife can be expected. 
In bats, seasonal weather patterns (for example, resulting in the harsh winters in North 
America and Europe and seasonal fruit pulses in the tropics) encourage synchronous birth 
pulses, and therefore mating times (for exampole, as seen in Eptesicus fuscus (George et al. 
2011) and Rousettus amplexicaudatus (Heideman & Utzurrum 2003), respectively). 
Contact networks and contact types within colonies may be altered during peak mating 
periods in ways that are highly species specific (McCracken & Wilkinson 2000), and 
increases in transmission of both density-dependent and frequency-dependent pathogens 
may occur. For example, transmission dynamics might be quite different in bats displaying 
a polygynous harem breeding system (as seen in Cynopterus sphinx, Artibeus jamaicensis 
and Pteropus poliocephalus, for example) compared to a seasonal multi-male multi-female 
system (as seen in Tadarida brasiliensis, Myotis lucifigus, for example) (McCracken & 
Wilkinson 2000). The former is likely to result in highly heterogeneous mixing, with a 
small number of males responsible for the majority of contact events (Storz et al. 2000; 
Ortega et al. 2003; Welbergen 2011), while in the latter, seasonal increases in contact 
among males and females during mating is likely to be more homogeneous across the 
colony (Thomas et al. 1979; Watt & Fenton 1995).  
A large influx of susceptible individuals into a population as a result of a seasonal birth 
pulse has been demonstrated as a crucial factor in persistence of pathogens within 
populations (e.g. bat rabies virus in hibernating E. fuscus, George et al. 2011). 
Additionally, an increased host density and high contact rates during nursing periods are 
expected to facilitate pathogen transmission throughout the colony. 
Another major factor affecting the persistence of pathogens in populations is the host 
population size, either via its effect on population density and effective contact rates, or via 
simply maintaining a large enough pool of susceptible individuals to sustain transmission 
(Anderson et al. 1986). This is highly variable in bats, but is likely to be an important 
factor for species such as Tadarida brasiliensis (free-tailed bats), whose roosts contain 
several million individuals at estimated densities of up to 3000–4000 bats m-2 (Constantine 
1967; McCracken & Gassel 1997; McCracken & Gustin 2010). Recent studies indicate that 
long-range transmission events have the potential to circumvent these abundance 




in both wildlife (Vicente et al. 2007; Davis et al. 2008) and human (Wilson 1995) 
populations.  
In considering the risk of pathogen ‘spillover’ from wildlife reservoir hosts into human and 
domestic animal populations, wildlife host distribution and habitat preference may be 
important. Spillover of Hendra viruses from bats to horses in Australia relies on 
overlapping distributions of these species, and emergence may have been precipitated by 
changing distributions of both; bats are exhibiting an increasing urbanisation of their range, 
and the peri-urban fringes of cities such as Brisbane are expanding and increasingly 
encroaching into wildlife habitats. In addition to changing species distributions due to 
habitat loss, changing land use and climate change, increased risks might also be 
associated with seasonal changes in species distributions and wildlife-human interactions.  
Population level studies in wildlife that are capable of identifying the key determinants of 
pathogen transmission within a particular host-pathogen system are rare, due to the 
complexity of these systems and the multiple interactions within them. Wildlife studies are 
challenging, particularly in bats, owing to their nocturnal activity, high mobility (both in 
daily foraging and seasonal migrations), and sometimes, large roost sizes (precluding 
accurate population size estimation and longitudinal study of individuals). Investigating the 
potential effects of each of the aspects of host ecology on transmission rates described 
above would require long-term specific targeted studies, and field studies alone may be 
insufficient to fully understand the underlying mechanisms. Field studies are therefore best 
complemented by experimental studies and theoretical and mathematical modelling, 
preferably considered at the outset of the study in a model-guided fieldwork approach 
(Restif et al., in review). 
 
2.1.2 Current knowledge of Eidolon helvum ecology 
E. helvum Kerr 1792 (Order Chiroptera, Family Pteropodidae) is the second largest fruit 
bat in mainland Africa. It is a gregarious, tree-roosting species and, with colonies 
numbering in the millions across an extensive distribution, it is likely to be the most 
numerous bat species in Africa, though no widespread population estimates have been 
performed (DeFrees & Wilson 1988).  
The species has been recorded across most of sub-Saharan Africa (Figure 2.1 A), and while 
some authors have described a central equatorial breeding zone and a peripheral migratory 
zone (Kingdon 1974; DeFrees & Wilson 1988) (Figure 2.1 B), others have argued that this 




data, suggest a more intricate distribution pattern (Bergmans 1990). The distribution 
pattern could therefore be described as comprising aggregated populations across a 
connected, rather than continuous, landscape. While the species is capable of adapting to a 
wide range of habitats, from moist and dry tropical rainforests to busy urban centres, they 
appear absent from deciduous bushland and wooded grassland habitats (Bergmans 1990). 
Over such a large geographical range, the landscape is naturally a heterogeneous mosaic of 
suitable and unsuitable habitat, and the distribution is expected to reflect this. A new 
distribution map was put forward when E. helvum was last assessed for the IUCN 
(International Union for Conservation of Nature) Red List report (Mickleburgh et al. 2008) 
(Figure 2.1 C).  
In addition to its widespread continental distribution, E. helvum populations exist on a 
small number of offshore islands, including those in the Gulf of Guinea (Juste et al. 2000) 
(Figure 2.1 D), and off the Tanzanian coast (Hayman & Hill 1971). Although the four main 
islands in the Gulf of Guinea (Bioko, Príncipe, São Tomé and Annobón) are part of the 
Cameroon volcanic chain, Bioko was previously connected to the mainland via a land 
bridge, while Príncipe, São Tomé and Annobón formed independently in isolation 
approximately 31, 13 and 4.8 million years ago (Mya), respectively (Lee et al. 1994). 
Moving from north to south through the chain, Bioko, the largest of the four islands, 
currently lies 32 km from the continental African coastline, within the nightly foraging 
range for E. helvum (Richter & Cumming 2008). Next, Príncipe and São Tomé are 
intermediate in size and closer to each other (148 km) than to the continent (220 km and 
280 km, respectively) or any other island. Theoretically, the islands are within sight of 
each other from the peaks of each island, however this may rarely be the case in reality. 
Lastly, Annobón is the smallest and most isolated of these islands, with an area of just 17.5 
km2, and lying 183 km from the nearest island and 340 km from the continent. Juste et al. 
(2000) established that the E. helvum population on Annobón is significantly smaller in 
body size than populations on the nearest islands or on continental Africa. Additionally, 
allozyme analyses identified corresponding genetic differentiation, with the rate of gene 
flow between Annobón and other islands or continental populations approaching the 
minimum required for independent divergence by random drift (Juste et al. 2000). In fact, 
Annobón’s geographic isolation has resulted in sufficient genetic differentiation of E. 
helvum on the island for its designation as a separate subspecies, E. helvum annobonensis 






































































































































































































































































































































































































































E. helvum is seasonally migratory, and while this characteristic is well recognised in 
continental populations (Funmilayo 1979; Mutere 1980; Thomas 1983; Richter & 
Cumming 2006), actual migration routes, variation in patterns, and drivers for migration 
are unknown. In fact, it has been unclear whether E. helvum has a panmictic population 
structure across a continuous distribution that shifts according to seasonal resource 
availability, or whether a finer substructure exists with populations undertaking specific 
migration routes. To distinguish it from dispersal, migration can be defined (in an 
ecological sense) as “persistent movement from one area to another, … typically in 
response to seasonal changes in resource abundance” (Dingle 1996). It has been proposed 
that E. helvum migrates from south to north in West Africa, with connectivity between 
several populations along this axis (Thomas 1983). A recent satellite tracking pilot study 
demonstrated the capability of E. helvum to migrate vast distances (over 2500km) across 
international borders and up to 370 km in a single night (Richter & Cumming 2008). The 
latitudinal movement of the Intertropical Conversion Zone (ITCZ) (resulting in the wet and 
dry seasons of the tropics) may influence these migration patterns and it has been 
hypothesised that populations from the northern and southern hemispheres migrate 
between equatorial rainforest zones and peripheral savannah zones at different times of the 
year (Kingdon 1974; Anciaux de Faveaux 1977). These migrational theories are often 
quoted but are largely untested and further research is required to characterise E. helvum 
migrations. Recent ecological niche modelling (Fahr 2009) supports the hypothesis that the 
occurrence of migrational waves is associated with weather patterns, but also predicts 
localities with temporally consistent habitat suitability, theoretically capable of supporting 
year-round residential colonies, as is observed in Accra. 
It is therefore not possible to define boundaries for E. helvum ‘populations’ except on very 
short time scales. Following Waples and Gaggiotti (2006), the term ‘population’ in this 
report will refer to their evolutionary paradigm: “A group of individuals of the same 
species living in close enough proximity that any member of the group can potentially mate 
with any other member”. Levins (1969) coined the term metapopulation as “a population 
of populations”, where a dynamic balance exists globally between population extinction 
and recolonisation. A broader sense will be taken here, where a metapopulation is a group 
of discrete populations of a species that each occupy separate landscape patches, but may 
be connected by individual migration (Hanski 1998). 
Estimating the size of E. helvum populations has also proven difficult, as is typical of many 
bat species. Past efforts in monitoring bat populations have often lacked standard protocols 
or have been disjointed, making comparison between surveys difficult and unreliable 




E. helvum, this is due to densely roosting colonies, enormous colony sizes, and the 
tendency to roost high in tree canopies. In such cases, surrogate indices of abundance can 
be used, but should be calibrated in relation to population size and incorporate measures of 
variation (Kunz et al. 1996; O'Shea et al. 2003). Standardised, well described protocols are 
required to enable replication of monitoring in other locations and over time, and are 
particularly important to determine whether population declines reported in some areas 
(e.g. E. helvum in Kampala (Mickleburgh et al. 2008)) are local trends or representative of 
overall population declines.  
The IUCN Red List status of E. helvum was recently changed from Least Concern to Near 
Threatened due to concerns over significant declines and over-harvesting for food and 
medicine (Mickleburgh et al. 2008; Perpetra & Kityo 2009). E. helvum is consumed across 
its range, but most frequently in West and Central Africa, where it has been identified as 
the most heavily harvested bat for bushmeat (Mickleburgh et al. 2009; Kamins et al. 2011). 
Hunting is facilitated by the tendency of E. helvum to often roost in close contact with 






2.2.1 Sampling aims 
The sampling scheme outlined here was targeted at addressing two primary research aims. 
Firstly, to assess the population genetic structure of E. helvum across its continental and 
island range, and secondly, to investigate whether Lagos bat virus (LBV) and henipavirus 
antibodies are present in populations across this range. As a corollary to this, data were 
gathered on the distribution, population structure, population size and seasonality of E. 
helvum roosts across its distribution. These data are not uniformly comprehensive, 
however they are useful additions to knowledge on the ecology of this species, and 
facilitate the interpretation of genetic and serological analyses presented in Chapters 4 and 
5.  
For genetic analyses, the target sample size per population was 20 individuals, based on 
previous recommendations (Burland & Worthington Wilmer 2001). Sampling locations 
should ideally be evenly distributed across the species range, with the distance between 
sampling locations at an appropriate scale so as not to incorrectly assign gradual changes 
across a continuous range as absolute differences between two sampling sites (Schwartz & 
McKelvey 2009). Since the limited knowledge of E. helvum migration patterns indicates 
that migration might occur primarily on a north-south axis, sampling locations were also 
selected along longitudinal and latitudinal axes. 
For serological analyses, the sample size required to detect at least one seropositive 
individual in small (<1000) and large (>10,000) populations with 95% confidence, given a 
true seroprevalence of 5%, was also considered (n.for.lqas function, epicalc package in R 
(Chongsuvivatwong 2008; R Development Core Team 2012))). A sample size of 57 (small 
population) to 59 (large population) individuals would be required. All sampling methods, 





2.2.2 Study sites 
This study targeted geographically dispersed populations along longitudinal and latitudinal 
axes across the species’ range. E. helvum roosting sites were identified from published 
literature, unpublished data from previous studies, or by identifying desirable study 
locations and contacting local inhabitants for information on the presence or absence of 
roost sites. Sites used in this study are shown in Figure 2.2, and outlined in detail in Table 
2.1. Once a roost site was located in the field, it was described thoroughly including 
location, city/region and country, GPS co-ordinates for centre and/or boundaries of the 
roost, habitat type, proximity to urban areas/human populations, proximity to a water 
source, species of tree used for roost, and any other bat species observed roosting at the 
same site (where known). ‘Populations’ were initially defined arbitrarily based on national 
borders related to roost location. The terms ‘roost’ and ‘colony’ are used interchangeably. 
 
Figure 2.2 Map showing location of Eidolon helvum sampling locations. Numbers refer to 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.2.3 Estimation of population size 
Estimation of E. helvum population size is challenging and no single method is suitable in 
all cases. Here, two methods previously used in this species were employed, depending on 
the suitability at each site. 
Roost counts were conducted during the day, when the bats had settled after returning to 
the roost at dawn, using a similar method to that originally described by Baranga & 
Kiregyera (1982). Initially, the numbers of bats per cluster were counted in a small number 
of easily observable clusters (usually clusters of 5 – 30 bats). This calibration allowed 
variation in roosting densities across locations to be taken into account when assessing the 
number of bats in a particular size cluster. Working sequentially along each branch in each 
tree, counts were then extrapolated for all clusters in the tree, and subsequently for each 
tree in the colony. Attached neonates are difficult to observe reliably and were not counted. 
This method was used from 2008–2010 in Ghana by Hayman et al. (2012b), and in 
Malawi, Tanzania, Uganda and Bioko during the sampling periods shown in Table 2.1. 
Emergence counts were conducted at the largest identified colonies in both Príncipe and 
São Tomé. In Príncipe, the colony studied and technique used was the same as that 
described by Dallimer et al. (2006). From a vantage point 600m to the north of the roost 
(1.59552 N, 7.33677 E), the number of bats emerging per minute was counted by one 
observer over two consecutive nights using a stopwatch and tally counter. Initially it was 
possible to count individual bats, however as the rate of emergence increased, bats were 
counted in tens or fifties. Counting ceased when light conditions deteriorated. The same 
method was used to estimate the size of a colony at Ponta Bassion Gái in São Tomé, by 
two observers on each of two consecutive nights from a vantage point approximately 800 
m to the south of the roost (0.05218 N, 6.51404 E). Following Dallimer et al. (2006), the 
cumulative counts per minute for each count event were fitted to a logistic growth curve, 
so that the emergence count could be extrapolated into the period after which darkness 
prevented continuation of counting, and an estimate of the total population size obtained. 
In Annobón, the steep terrain and dense forest precluded systematic roost or nightly 
emergence counts, and population sizes were only roughly estimated. The colony in 
Zambia is the largest E. helvum colony known, emerges in 360 degrees, and roosts over a 
swamp containing crocodiles, making it almost impossible to obtain an estimate of the 
population size beyond that of ‘several million’. Sufficient manpower was not available to 





2.2.4 Capture and Sampling methods 
All fieldwork was undertaken under permits granted by national and local authorities 
(listed in Acknowledgements). The sampling protocol used was approved by Zoological 
Society of London Ethics Committee (WLE/0849), and is included as Appendix 2.2. 
 
2.2.4.1 Capture methods 
Capture methods were varied according to what was most appropriate to each site. In most 
cases, bats were caught in a mist net (6–18m; 38mm, Ecotone, Poland) as they returned to 
the roost site at dawn. In other cases, bats were also caught in mist nets as they departed 
the roost site at dusk (Tanzania, Bioko, Annobón), during the day (Malawi), or at feeding 
sites at night (Uganda). E. helvum generally roost high in the canopy of tall trees, so mist 
net guide ropes were looped over branches at or above the height of the roost in roosting or 
adjacent trees. Bats were also caught by hand at densely packed low-roosting roost sites 
(Zambia), or were obtained in collaboration with local hunters, who hunted at roost sites 
during the day or feeding sites at night (São Tomé). 
 
2.2.4.2 Morphological and Demographic characteristics 
Under manual restraint, morphometric and demographic details were recorded.  
Body weight (in grams) was measured using a 500g spring measure (Alana ecology, UK), 
by subtracting the weight of a cotton bag from the weight of the bat within that bag. 
Forearm length (in mm) was measured using 230 mm vernier dial callipers (Alana 
ecology, UK). The measurement was taken from the dorsal aspect of the wing, while 
folded, and as the maximal distance from the carpus to the olecranon process of the ulna.  
Sex was easily assigned from external genitalia, and female reproductive status was 
assigned as non-reproductive, pregnant, or lactating, according to the descriptions provided 
in Table 2.2. The phase in the reproductive cycle (i.e. the time in months between the 
sampling date and the beginning of the last birthing season) was estimated from stage of 
pregnancy (foetal size) or juvenile size based on previous studies, however these estimates 
are not definitive and further studies of captive bats are required to assess this more 






Table 2.2 Reproductive status classifications for female E. helvum. Phase represents the 
estimated time in months since the beginning of the last birthing season. 
Phase Reproductive status Abbreviation Description 
1 
Lactating L 
Neonate attached and suckling, or milk 
able to be expressed from mammary 











9 Very early pregnant VEP 
Uterine bulge palpable on abdominal 
palpation, up to 1cm diameter 
(detectable from ~ 0.5cm diameter with 
careful palpation) 
10 Early pregnant EP 
Uterine bulge palpable on abdominal 
palpation, 1– 2cm diameter 
11 Mid pregnant MP 
Uterine bulge and foetus palpable on 
abdominal palpation, but no obvious 
abdominal distension of the female 
(2-~3.5cm) 
12 Late pregnant LP 
Foetus palpable on abdominal 
palpation, with distension of the 
female's abdomen so that it is wider 
than the base of the ribs 
 
 
Age was assessed by morphological characteristics (body size and the degree of genital 
and nipple development; Table 2.3), or by analysis of tooth cementum annuli. Using 
morphological characteristics, all samples could be divided into four age classes, hereafter 
referred to as the ‘standard age classes’: Neonate (<2mths), Juvenile (J; 2 – <6 months), 
Sexually Immature (SI; 6 – <24 months) or Adult (A; ≥24 months).  
For a subset of samples, the timing of sampling in relation to the birthing season permitted 
differentiation of ‘first year’ and ‘second year’ sexually immature individuals and allowed 
further classification of SI individuals into 6 month age groups SI.1, SI.2 and SI.3 (6 - <12, 
12 – <18, 18 – <24 months, respectively), giving a total of 6 categorical age classes, 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































For some bats that were killed following capture, age in years was determined by 
examining tooth cementum annuli in histological sections of upper canine teeth (Matson’s 
laboratory, USA) and, following previous studies (Divljan et al. 2006; Hayman et al. 
2012b), it was assumed that each observed cementum layer represented one year. The 
beginning of the annual birth pulse was estimated from juveniles development or 
pregnancy status of females according to a true gestation period of 4 months (Mutere 
1965). Adult and SI ages in years were therefore converted to ages in months, calculated 
from an assigned date for the beginning of the birth pulse for each location. Specific age in 
months was then treated as a continuous variable. Due to small sample sizes for some ages, 
individuals were also classified into age groups (<1, 1, 2–3, 4–6, 7–9, 10+ years).  
Thus, there were four age categorisations used in this work; these are referred to as 
standard and extended age classes, age groups, or specific age in months. As age 
classifications become more specific, sample sizes for datasets with that information 
available become smaller. Analyses were therefore run separately for each of the 
classifications, with the outcome being a trade-off between statistical power and more 
specific and potentially informative results. 
 
2.2.4.3 Sampling methods 
Under manual restraint, up to 1ml blood was collected from the propatagial vein by 
venipuncture using a pre-prepared citrated 1ml syringe and placed into a plain 1.5ml 
eppendorf tube (Fisher, UK). A wing membrane biopsy was taken using a 4mm biopsy 
punch (KRUUSE UK Ltd, UK) according to standard technique (Worthington Wilmer & 
Barratt 1996) and placed in 70% ethanol at ambient temperature. The oropharyngeal area 
was swabbed with a 2.5mm sterile cotton tip (Fisher, UK) dipped in RNA-Later 
(Ambion/Life Technologies, UK), and placed into a plain 1.5ml eppendorf tube. Urine and 
faeces were collected separately into 2ml cryovials if the individual urinated or defecated, 
or in some cases was collected from the surface of the holding bag (aspirated with a 1 ml 
syringe for urine). External parasites (Nycteribiid bat flies, Cyclopodia greeffi (Adeosun 
1974)), were collected using forceps and transferred to a plain 0.5 ml eppendorf tube 
(Fisher, UK), or one containing 70% ethanol. Hair samples were collected from the chest, 
neck or shoulder area with blunt-tipped scissors and placed in 40 x 65mm zip-lock plastic 





Additional tissue samples were collected from hunted or euthanased bats. Euthanased bats 
included those that, on rare occasions, sustained injuries during capture (for ethical 
reasons), any bats which were showing clinical signs of systemic illness (for collection of 
samples to attempt viral isolation), and those in particular studies where the aim was to 
obtain specific ages via tooth-ring analyses. Tissue samples collected during post mortem 
examinations included brain, salivary gland, kidney, spleen and upper canine teeth at a 
minimum, and other tissue samples where storage-space would permit it.  
In addition to urine collected directly from individual bats, in some situations pooled urine 
samples were also collected by placing plastic sheeting underneath the roost in the morning 
before the bats returned. Urine samples were aspirated using a micropipette, and pooled in 
aliquots of up to 1ml. 
2.2.4.4 Sample processing 
Blood: The plasma was separated via centrifugation (6000 rpm for 5 min) immediately 
after sampling where possible, or allowed to settle overnight. Aspirated plasma was heat 
treated at 56°C for 30 min prior to freezing, or after freezing but prior to analyses. Red 
blood cells were frozen separately. 
Wing punches were stored in 70% ethanol at ambient temperature. 
Saliva samples (oropharyngeal swabs) were stored at 4 degrees (where possible) for 24 
hours before freezing. 
Urine samples were frozen in 2ml cryovials without preservative. 
Faecal samples were either frozen in 2ml cryovials without preservative, or preserved 
using RNA-Later and stored at 4 degrees (where possible) for 24 hours before freezing. 
External parasites were either fresh-frozen or stored in 70% ethanol at ambient 
temperature.  
Hair samples were stored at ambient temperature.  
Tissue samples were stored as either fresh-frozen aliquots, preserved in RNA-Later and 
then frozen or preserved in 70% ethanol or 10% formalin at ambient temperature. 
Teeth were initially placed in 1.5ml eppendorf tubes, frozen, then thawed and allowed to 
air-dry before processing. Delayed freezing in some samples led to tissue rotting and teeth 
collected subsequent to this were allowed to air-dry in the field before being stored in 
paper envelopes at ambient temperature. Teeth were prepared and examined histologically 
to assess the number of tooth cementum annuli present, according to methods described 




2.2.4.5 Maintenance of cold chain 
Where freezing was required, samples were transferred into a MVE XC 20/3V vapour 
shipper (MVE Bio-Medical, Marietta, GA), hereafter ‘dry shipper’. Temperature in the dry 
shipper is expected to be less than -150°C. In continental Africa, samples were transferred 
to the dry shipper within 2–6 hours of sampling for fresh-frozen samples and within 24 
hours for RNA-Later samples. Transportation of the dry shipper into the field in remote 
sampling sites in São Tomé and Príncipe was not possible, and this, together with 
premature thawing of the shipper in Annobón and Bioko, meant that some samples were 
stored at -20˚C. While every effort was taken to avoid freeze-thawing of samples in the 
field, it is likely that freeze-thaw cycles occurred 1–3 times in São Toméan samples and 
once in samples from Príncipe and Annobón. Where freezing was to be delayed by more 
than 8 hours, samples were kept cool in the field through the use of ice packs or running 
streams. In remote locations in Annobón and Príncipe, this was for up to three days. 
2.2.4.6 Use of samples from other sources 
E. helvum plasma samples from Ghana, and tissue samples from Ghana, the Democratic 
Republic of the Congo (DRC), Kenya, and a small proportion of samples from the Gulf of 
Guinea were originally collected for other research and obtained opportunistically for this 
project (Table 2.1). 
 
2.2.5 Questionnaires and informal surveys 
In each country, local inhabitants were questioned informally regarding the location and 
seasonality of known E. helvum roosts, threats to the bats such as hunting for human 
consumption, removal of roost trees or other persecution, and whether these factors had 
changed over living memory. Additionally, in the Gulf of Guinea islands, a pilot study on 
the use of bats as bushmeat was undertaken using questionnaire-based surveys. The 
surveys were based on those developed by Alexandra Kamins (Kamins et al. 2011) and 
included questions on hunting, butchering and cooking methods, the structure of the 






2.2.6 Statistical analyses 
Statistical analyses were undertaken to assess the age and sex structure of colonies, and 
assess whether significant variation exists across sampling sites. The data were explored 
using univariate comparisons and χ² tests. In some locations, tooth cementum analyses 
were performed on only a subset of the individuals captured. The specific age structure of 
each population, as determined by tooth cementum analyses, was therefore standardised 
for each population according to the proportion of individuals caught within each age class.  
Differences between mean forearm length and weight between sexes and across countries 
were assessed using Student’s T-tests and ANOVAs, respectively. 
Following Dallimer et al. (2006), population emergence counts (in cumulative count/min) 
were fitted to a logistic growth curve in order to extrapolate the number of bats expected to 
emerge after it was too dark to continue counting. The formula used was: 
!! = ! !1!+ !!!(!!!) 
where y = cumulative count/min 
k = the predicted maximum number of bats emerging  
t = the time taken to the inflection point of the logistic curve (corresponding to the peak of 
a plot of count/min) 
a = the growth rate parameter 
x = the time in minutes since the count started. 





2.3.1 Demographic population structure 
Univariate analyses comparing age, sex and reproductive status across colonies highlighted 
significant variations. General trends are presented here, and details of individual colonies 
are given in the colony characteristics section below. 
Age 
Tooth cementum analysis was performed on 228 teeth for this study, and analysed in 
conjunction with data from an additional 87 individuals from Ghana, reported in Hayman 
et al. (2012a). Each age estimation was scored with a certainty code, with A being of 
highest reliability and certainty of the estimated age (51% of samples), B indicating that 
there was histological evidence to support a given age result, but that the correct age was 
expected to be ± 0.5–1.5 years of the estimate (46% of samples), and C indicating that 
compromised tooth or section quality resulted in difficulty in accurately determine a score 
(3% of samples). Analyses of teeth from juvenile and sexually immature bats indicates that 
the first annuli is laid down within the first 1–2 months of their second year, and therefore 
the bat’s age in months was calculated as the age in years multiplied by 12, plus the phase 
of sampling. For example, the two-year old bat shown in Figure 2.3 was sampled two 
months after the beginning of the birth pulse (phase 2), and was therefore estimated as 26 
months of age. The oldest bat, a 15-year old (range 14–16), was an adult male from Dar es 
Salaam, Tanzania and this is the oldest record for wild E. helvum.  
Of 881 individuals captured for this study, 62.8% were adult, 20.9% sexually immature, 
10.0% juvenile and 6.3% neonate. These figures are almost exactly comparable to data 
provided from Ghanaian studies (n=1028 bats) (Hayman et al. 2012a). Among populations, 
however, age structure varied significantly (p<0.001; Figure 2.4). The Ghanaian results 
represent the overall proportions of adult and non-adult individuals caught over multiple 
time points through the year. Differences between these proportions and those in other 
locations were largely accounted for by the phase in which other populations were sampled 
(that is, by the changes in age distribution expected depending on the time since the last 
birth pulse). Tooth cementum analyses allowed examination of the age structure within the 
adult age class (Figure 2.5). Morogoro (Tanzania) and Bioko appeared to have particularly 
‘young’ adult populations, compared to Dar es Salaam (Tanzania) and Ghana, which had 

















































































































































































































































































































































































































































































































Figure 2.4 Age structure of E. helvum bats across all sampling locations, indicating 
proportion of adults and non-adults (neonate, juvenile and sexually immature bats 
combined) and 95% confidence intervals. Countries : GH (Ghana), TZ (Tanzania), DR (DRC), 




























































































































































































































































































Sex structure of the populations varied significantly across some sampling locations 
(p<0.001, Figure 2.6), however data were insufficient to statistically assess whether this 
was as a function of phase across all colonies (Appendix 2.3). Longitudinal studies of 
multiple populations would be most appropriate to approach this question.  
Some observations are interesting to note in Figure 2.6. Firstly, the marked difference in 
sex-structure between Dar es Salaam and Morogoro, cities separated by ~180 km, and 
sampled within two to three weeks on two consecutive years. Secondly, the inverse results 
between DRC and Kenya, where samples were collected from both locations in late-June 
to mid-July, though this was not in the same year.  
Even where there appears to be an even distribution of males and females overall, this may 
be a misrepresentation of subtle underlying structures. For example, in São Tomé, bat 
hunting was performed predominantly in day roosts consisting of small numbers of bats 
roosting in coconut palms. Whole clusters of 4–10 bats were generally killed with one shot, 
and the sex structure observed at each site and within each cluster is therefore expected be 
representative of the bats present at that site. It was observed that some coconut groves 
(e.g. Ponta Baleia) appeared to be nursing colonies (i.e. consist primarily of lactating 
females, juveniles and second-year sexually immature bats), and others (e.g. Binda) 
contained wholly or mostly adult males. Even within nursing colony sites, differences were 
observed between individual clusters of bats killed with a single shot, with some clusters 
being wholly lactating females and juveniles, and others being wholly sexually immature 
bats. 
 
Figure 2.6 Sex structure of E. helvum bats across all sampling locations, indicating 
proportion of males and females and 95% confidence intervals. Countries : GH (Ghana), 
TZ-D (Dar es Salaam, Tanzania), TZ-M (Morogoro, Tanzania), DR (DRC), KE (Kenya), MA 




2.3.2 Morphometric analyses 
Statistical analyses were used to check for associations between body weight, forearm 
length and age and to see whether variations existed across sampling locations and by 
phase. Mean forearm lengths and body weights for each population are shown in Table 2.4. 
Males were significantly larger than females, by body weight and forearm lengths 
(p<0.001), although the actual differences were small. Significant positive correlations 
between age, and forearm length and body weight were detected (Figure 2.7 and Figure 
2.8), and this result was consistent regardless of how age was classified (data not shown). 
As expected, consecutive age classes showed some overlap for forearm lengths and body 
weight, however, actual overlap is largely avoided since only alternate age classes for 
juveniles and sexually immature bats are expected to be present within a population 
concurrently. For example, from 6–12 months after the birth pulse, both first-year (SI.1) 
and 18–24 month old second-year (SI.3) individuals are expected to be present, but not 
individuals from the SI.2 age class (12–18 months).  
Adult body size and forearm length in Annobón were significantly smaller (p<0.001) than 
E. helvum in continental Africa or other Gulf of Guinea islands (Figure 2.9 and Figure 
2.10). While a significant positive correlation was observed between forearm length and 
log10 of island size (following McNab 2002), the variance was high (R2 = 0.42), and the 
effect was no longer significant when data from Annobón were omitted. Male weight (and 
weight:forearm length ratio, data not shown) seemed stable across all remaining sampling 
locations, except for the higher weights and ratios observed in Bioko and São Tomé. In 
adult females, this trend was apparent in comparison to the other islands, but less so than 
for males when compared to the continental populations. Adult bats from Bioko were 
heavier than those from all other locations; this was significant for all populations except 
















































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 2.7 Plot of E. helvum forearm length (in mm) by sex and extended age class 
(including neonates, juveniles (J), first year (SI.1) and second year (SI.2 and SI.3) sexually 
immatures, and adults (A). All populations except for Annobón were included (following 
results from country analyses). Box and whisker plots: median (black line), 25th and 75th 




Figure 2.8 Plot of E. helvum body weight (in grams) by sex and extended age class 
(including neonates, juveniles (J), first year (SI.1) and second year (SI.2 and SI.3) sexually 
immatures, and adults (A). All populations except for Annobón were included (following 
results from country analyses). Box and whisker plots: median (black line), 25th and 75th 









Figure 2.9 Plot of E. helvum adult forearm length (in mm) by sex and sampling location (GH 
(Ghana), TZ (Tanzania), DR (DRC), KE (Kenya), MA (Malawi), BI (Bioko), PR (Príncipe), ST 
(São Tomé), AN (Annobón)). Box and whisker plots: median (black line), 25th and 75th 





Figure 2.10 Plot of E. helvum adult body weight (in grams) by sex and sampling location (GH 
(Ghana), TZ (Tanzania), DR (DRC), KE (Kenya), MA (Malawi), BI (Bioko), PR (Príncipe), ST 
(São Tomé), AN (Annobón)). Box and whisker plots: median (black line), 25th and 75th 







2.3.3 Emergence population counts 
Estimation of the size of Novo colony in Príncipe has previously been described by 
Dallimer et al. (2006). The same methods were used here on the same colony (one 
observer, two nights), in addition to the largest identified colony in São Tomé (two 
observers, two nights). In both cases, the roost was in densely forested and rugged terrain, 
and it was not possible to determine what proportion of the bats emerging from the roost 
was visible. In Príncipe, bats initially emerged at a bearing of ~340 degrees, then after 20 
minutes, the vast majority of bats flew at a bearing of ~ 045 degrees, between two peaks 
(Appendix 2.4). 
In São Tomé, the colony was on the northern face of a small headland, and the observation 
point was to the south. However, bats were observed emerging over the headland and 
flying at bearings of 100–180 degrees. Given the topology of the area (Appendix 2.5), the 
distance between the colony and observation point, and that the majority of the island is to 
the north and east of this colony, the counts presented here are expected to be only a 
fraction of the total population size.  
Predicted emergence counts were 21,763 in Príncipe and 3,420–5,275 in São Tomé, with 
precision varying considerably among the estimates (Table 2.5 and Figure 2.11). The 
cumulative counts from the 11th April, 2010 in Novo appeared to increase exponentially 
during the counting period, and a logistic curve could not be fitted (presumably because 
the observation period was too short compared to the total emergence time to capture the 










































































































































































































































































































































































































































































































































Figure 2.11 Cumulative number of bats counted emerging from E. helvum roosts at dusk. 
Points indicate observed cumulative counts (from time of first bat observed to darkness), 
the solid line gives the predicted cumulative count from the logistic growth model, and 
dotted lines and shading give 95% confidence intervals for those estimates. Dates of 
observations and initials of the observers are given in each plot. Left: In São Tomé, counts 
were performed by two observers on each of two nights (with three different observers in 
total). Right: In Príncipe, counts were performed by one observer (AP) on two consecutive 
nights. It was not possible to fit a logistic curve to the counts on the second night. AP = 
Alison Peel, AFL = Andrés Fernandez Loras, NT = Aristides Santana (Nity). 
 
2.3.4 Colony Characteristics 
Below are summaries of the characteristics of each E. helvum site sampled from or 
observed during this study, with additional information provided for those colonies that 
have not been described in detail previously. Each summary includes a combination of 
observations and results from data analysis undertaken in this study, and anecdotal reports. 
The latter were often not able to be validated, but are reported as such and valuable 
nonetheless. GPS details are given at the end of this section in Table 2.6. 
2.3.4.1 Zambia 
Kasanka National Park 
Location: The largest known colony of E. helvum roosts in a 0.4km2 patch of ‘mushitu’ 
evergreen swamp forest in Kasanka National Park in Central Zambia (Figure 2.12). 
Population size and migration: The site is empty for most of the year, is populated rapidly 
from late-October each year, and persists for 2 ½ months. The arrival and departure dates 
are remarkably consistent annually, and coincide with peak fruit production in the region 




million (Sørensen & Halberg 2001) and 5–10 million (Richter & Cumming 2006) 
individuals, giving a density of 4–25 bats per m2 (Figure 2.13). In this study, bats were 
observed roosting in all three canopy layers of dense vegetation, and often much lower to 
the ground (5–15 m) than is typically observed in urban colonies. While no further 
estimations of population size were performed, the population was anecdotally reported by 
park guards to have declined over the last decade.  
Reproductive seasonality: Almost all (68/69) females sampled here were pregnant, and the 
majority were in early to mid gestation (56% and 32% respectively). While no females 
were observed with attached juveniles from 27/11 – 3/12/2008, 5 females (7%) were in late 
stage of pregnancy, and one female was observed giving birth in the colony on 3/12/2008. 
Lack of complete synchrony in female reproductive status meant that a ‘phase’ was not 
estimated for this colony. 
Roost structure: A female bias (63%) was observed in bats caught by hand, in mist nets 
and by shooting (by another research team in the park at the time).  
Bat-human interactions: The E. helvum roost in Kasanka National Park is a tourist 
attraction, with tourists visiting the periphery of the colony to watch the bats fly out to feed 
at dusk and return to the roost at dawn. While close contact is not permitted, the sheer 
number of bats flying overhead still presents a risk of contact with urine and faeces (Figure 
2.14). Park employees, researchers and film crews are permitted to enter the bounds of the 
colony, and therefore face an increased risk, however no facemasks or other personal 
protective equipment are routinely worn. For this, and previous research, bats were caught 
by hand by park employees, with a high risk of incurring bite wounds. No employees 
reported any clinical signs believed to be associated with bite wounds. 
 
Figure 2.12 E. helvum roosting in Kasanka National Park, Zambia, giving an indication the 





Figure 2.13 E. helvum roosting in Kasanka National Park, Zambia, giving an indication of 
typical roosting densities for this species. 
 
 
Figure 2.14 E. helvum urinating as they alight from a roost in Kasanka National Park, 
Zambia, giving an indication of the risk to humans of contact with urine. Photograph 






Location: The colony is located centrally within the city of Blantyre, along the north bank 
of the Mudi River in a stand of very tall (up to 50m) East African mahogany trees (Khaya 
anthotheca).  
Population size and migration: A roost count was performed and the colony size estimated 
at ~ 8,000–10,000 bats in December 2008. Although some local residents reported that the 
colony was present year-round, the roost was empty on a repeat visit in July 2009, and had 
last been observed in May that year. The bats departed the roost in south-easterly direction 
each evening. 
Reproductive seasonality: In December 2008, all adult females were either pregnant 
(44%), or lactating (56%), with suckling juveniles estimated as less than one month old. 
However, pregnant females appeared partially asynchronised with lactating females, and 
were only in early mid gestation, with uterine distension of ~ 1.5–2.5cm diameter.  
Roost structure: From a small sample size (n = 18), no significant sex bias was observed 
(44% male). 
Bat-human interactions: Anecdotal reports indicated occasional subsistence hunting of 
bats, but that they are generally not sold in bushmeat markets.  
All known records of E. helvum in Malawi have been during the rainy season from 
October to April (Ansell & Dowsett 1988). During the above field trip, E. helvum were 
also observed emerging from a roost near the Ruo River on the on Lujeri Tea Estates, 
Mulange on 15th November 2008. While no bats were sampled, they have been caught in 
the area previously (Michael Curran and Mirjam Kopp, pers. comm.). A very large roost 
was also reported ~ 450 km south of Mulanje, near Mt. Namuli in Northern Mozambique. 
Other roosts previously recorded in Malawi were investigated (Kasungu National Park and 
South Viphya Plateau (Ansell & Dowsett 1988)), however no colonies were found, and 
local residents reported no recent sightings. Another additional roost was reported at 







Dar es Salaam 
Location: E. helvum bats are present in small dispersed roosts in the Upanga area of Dar es 
Salaam, within 1km of the Tanzanian coastline. Bats roost primarily in Indian mast trees 
(Polyalthia longifolia var. pendula) that line the roadsides in the area, and also in Indian 
almond trees (Terminalia catappa). The largest roosts (those sampled) are present within 
private compounds on Lugalo Rd (Figure 2.15). A colony was briefly mentioned in this 
area in 1974 (Kingdon 1974), however has not been described subsequently. 
Population size and migration: The population size was estimated at approximately 5000 
bats, and residents report the bats being present in the area all-year round, however no 
indication was given as to whether the population size fluctuates seasonally. 
Reproductive seasonality: Very early or early pregnant females were observed in August 
2009. 
Roost structure: A male sex bias was observed in August-September 2009 and August 
2010, and was most pronounced in 2010 where 60/68 (88%) bats caught were male. 
Bat-human interactions: The bats roost over public and residential areas, and the risk of 
contact with urine and faeces is high for local residents. E. helvum bats were occasionally 
observed being shot from the trees with slingshots by children and guards working in the 
private compounds. In the latter, this was reportedly to collect live bats to show to 
passers-by for a fee. 
Morogoro 
Location: An E. helvum colony is located between the railway line and Nuunge Court in 
the city of Morogoro, ~ 180 km inland from Dar es Salaam 
Population size and migration: The Nuunge court colony size was estimated at 10,000 bats 
in September 2009, and 8,000 bats in August 2010, however additional smaller roosts 
present within the local area were not included in the counts. Local residents reported that 
the colony migrated away completely in September 2010, and returned in November 2010. 
It is unknown whether this was related to any disturbance. In January 2011, the colony was 
estimated by a trained staff member of Sokoine University to have increased in size 
compared with August 2010 (Joseph Malakalinga, pers. comm.). In September 2009, the 
bats emerged from the colony and flew at a bearing of 200–250 degrees, towards the 





Figure 2.15 Photo of an E. helvum roosting tree within a private compound on Lugalo Road, 
Upanga, Dar es Salaam (bats are roosting within the area circled). The photo demonstrates 
urine collection from plastic sheets underneath the colony (within one residential yard). The 
tree canopy also overhangs a common walkway and garden area in the property behind.  
Reproductive seasonality: Very early to mid pregnant females were observed in September 
2009, and early pregnant females in August 2010. In mid-January, 2010, suckling neonates 
were observed attached to flying females, and some juveniles were observed to be making 
independent flights (Joseph Malakalinga, pers. comm.). The birthing pulse was therefore 
estimated to begin in the first half of December. 
Roost structure: Although a slight male bias (59%) was observed in September 2009, the 
ratio was equal in August 2010. There were highly significant differences between the age 
and sex structure of Dar es Salaam and Morogoro, with the latter having significantly 
fewer males and adults (p<0.01).  
Bat-human interactions: The bats roost over public and residential areas, and the risk of 
contact with urine and faeces is high for local residents. Children were observed 
slingshotting at bats, but it appears this is mainly for recreation rather than bushmeat. 
Muheza 
Location: A colony roosts within the grounds of Tuele Mission Hospital, Muheza, 45 km 
from the northern coast of Tanzania (Ben Amos, pers. comm.). 
Population size and migration: The population size is unknown, but reported to fluctuate 




season in June-July. Although a small resident colony usually remains during this period, 
the colony migrated completely in 2011. The population returns over a period of several 
weeks in October and November when fruiting trees become common in the region, 
though in 2011 this was early September. 
Reproductive seasonality: Unknown. 
Roost structure: Unknown. 
Bat-human interactions: The bats roost over public areas, including a hospital, and the risk 
of contact with urine and faeces is high for local residents and potentially 
immunosuppressed hospital patients. In an attempt to discourage roosting, trees within the 
hospital grounds are regularly pruned.  
Local residents reported that E. helvum also roost in palm trees adjacent to the 
International Criminal Court in Arusha, however none were observed in late-September 
2009. An injured adult E. helvum was found below a large fruiting fig tree near the 
Udzungwa Ecological Monitoring Centre in the Kilombero valley during the rainy season 
(November-December), and is the only record of this species in the area (Francesco 




Location: The E. helvum colony from ‘Bat valley’ in Kampala has been studied by the 
Zoology Department of Makerere University since 1962 and is reported to have occurred 
there since at least 1936 (Mutere 1967; 1980). While E. helvum bats were observed feeding 
within the university grounds and in the vicinity of Rubaga hospital in the evenings, no 
roost could be identified with the help of University staff in October 2009, or in July 2011 
(James Wood, pers. comm.). Large populations of Maribou storks (Leptoptilos 
crumeniferus) roost in trees previously inhabited by E. helvum. 
Population size and migration: Seasonal presence of this colony is reported from 
September to May. Historically, this colony contained up to 240,000 individuals in 
October (Mutere 1980), however it has been in decline in recent years (Perpetra & Kityo 
2009). It was unknown whether the inability to detect a colony in October reflects that this 
population no longer exists in large numbers in Kampala, or whether the annual return 
from migration was simply later than usual. Recent reports (January 2012) indicate that 




individuals can be found in Kampala year-round, seasonal patterns have changed 
considerably. Roosts appear to stay in Kampala for much shorter time periods (for 
example, a few weeks in November 2011), perhaps as a result of loss of habitat and 
increased persecution.  
Reproductive seasonality: While mating has been observed in the month immediately 
preceding the peak wet season (April-June) and annual migration, unimplanted blastocysts 
have been detected in females remaining in the colony from July to September, and no 
implantation of embryos into the uterine lining has been observed until October and 
November (Mutere 1967). With almost 100% of adult females being synchronously 
pregnant when the colony peaks in size in October, it is assumed that those that had 
migrated and returned at this time also underwent the same delayed implantation. The peak 
birthing period occurs from February to March (a true gestation of approximately 4 
months), with neonates carried by their mothers until the age of 6 weeks (Mutere 1965; 
Kingdon 1974; Funmilayo 1979). 
Roost structure: Only five individuals were captured during this study (at a night-time 
feeding site), however all were adult males. 
Bat-human interactions: Previous roost sites were investigated, and in all cases, the roost 
trees had either been cut down, pruned heavily, or residents spoke of active methods 
employed to deter bats (such as smoking). E. helvum bats were observed feeding at night 
time in Kampala however, in public areas such as in the grounds of Rubaga hospital and 
Makerere University.  
Jinja 
Location: E. helvum roost high in the canopy of Mvule (Milicia excelsa, known also as 
Iroko) trees lining Bridge Road, Jinja and in Borassus aethiopium palm trees in the 
surrounding area (Figure 2.16 and Figure 2.17). Mvule trees rely on E. helvum for seed 
dispersal (Taylor et al. 2001). The roosting height was estimated to be ~40 m, and it was 
not possible to get mist nets high enough to capture any E. helvum here. This roost is 
referred to by Mutere (1967), however it has not been described in detail. 
Population size and migration: In late-September, 2009, the colony was estimated at 
~5,000–10,000 bats, however was reported by local residents not to be at peak abundance 
until December to August. Evening dispersal was in a north-westerly direction. 
Reproductive seasonality: Unknown 




Bat-human interactions: The bats roost over public areas, including a primary school, and 
the risk of contact with urine and faeces is high for local residents. Local residents mostly 
ignore the bats. Bushmeat consumption of bats in Uganda was reported anecdotally to be 
predominantly associated with the Bagisu tribe and the Mount Elgon region near the 
border with Kenya. Slingshot hunting using clay pellets was observed, however the hunter 
was not interviewed. One local resident reported a local belief that bats (in general) are 
‘poisonous’, and sickness can be passed on through biting. Local medical doctors were 
interviewed and did not report any known associations. 
A Maribou stork was observed eating a bat carcass, and local residents reported that storks 
harass the bats for control of roosting space. 
 
Figure 2.16 Mvule trees (Milicia excelsa) on Bridge Rd, Jinja, Uganda. A population size of 
5,000–10,000 bats was observed roosting in Mvule trees here in October, 2009. All of these 
trees are reported to fill completely with bats during peak times (December to April). 
 
Figure 2.17 E. helvum roosting in the upper canopy of Mvule trees (Milicia excelsa) on 
Bridge Rd, Jinja, Uganda, as an example of the height at which this species commonly 




2.3.4.5 São Tomé 
Multiple locations 
Location: Bats were observed roosting throughout the island, though colonies were 
generally larger and more easily located in the southern half of the island, where the 
human population density is very low (Figure 2.18). Indeed, the largest colonies observed, 
at Ponta Bassion Gái on the south-western coast of the island (Appendix 2.5), and Isla 
Calici nearby, were easy to see, but inaccessible. An impression was gained that roosts in 
the northern part of the island are highly mobile, particularly in areas with higher human 
activity and hunting, whereas those in the south, where shotguns and cartridges are not 
readily available, appeared to be more stable. An exception to this was a small colony of 
200–300 bats observed roosting in a coconut grove within the grounds of the Omali Lodge 
in São Tomé city. Although this colony roosts in close proximity to humans, in contrast 
with other colonies across the island, the bats are protected from hunters since no hunting 
is permitted within the hotel grounds. It was reported to be a nursing colony. A large area 
of national park in the central and south-west quarter of the island with extremely difficult 
terrain was not explored during this study. Hunters spoke of large colonies within this area. 
 
Figure 2.18 Map of São Tomé island indicating E. helvum colonies and sampling sites. Key: 
Circles indicate colony locations (open circle: colonies were reported or used to exist in the 
past, but no bats were found; partially filled circle: colony observed, but not sampled; filled 
circle: colony observed and sampled). Filled squares indicate feeding sites where sampling 
was performed. 
Population size and migration: Overall, individual colony sizes were generally quite small, 
particularly in coconut palms groves (50–200 bats). An estimated 3,300–6,500 bats were 




underestimate since visibility was impaired. A total population estimate for the whole 
island is not possible, however it would be expected to be an absolute minimum of 9,000 
bats. Migration off the island is not expected from previous studies (Juste et al. 2000), and 
was not reported to occur by any local residents interviewed. 
Reproductive seasonality: In March and April 2010, adult females were lactating, with 
attached neonates, and the birthing pulse was estimated to start at the beginning of March. 
This coincides with the peak rainy season is in March-May, while there is also a smaller 
peak in rain in November.  
Roost structure: As discussed above, information on the colony structure was obtained as a 
by-product of working alongside bat hunters, with each shot tending to kill 4–5 bats 
roosting in a close cluster. Within the smaller colonies in coconut groves, separation 
appeared to occur between ‘nursing’ colonies, which consisted of lactating adult females, 
neonates and sexually immature bats, and colonies consisting of primarily adult males.  
Bat-human interactions:  
Bat hunting: Bat hunting with shotguns is very prevalent in the north and central-north of 
São Tomé, either with bats as the primary target or opportunistically when the hunter 
might otherwise be targeting monkeys or pigs. The latter are preferred over bats since they 
are more valuable and a more efficient use of the expensive cartridges. Through informal 
discussions and a small number of formal questionnaires, it appeared that hunting pressure 
and the demand for bat bushmeat was increasing, and bat colonies were highly mobile in 
regions where hunters, guns and cartridges were prevalent. While it was generally agreed 
that E. helvum were more difficult to locate than in the past, opinion was divided among 
hunters as to whether this was because of frequent rotation through the roost sites, a 
reduction in the total number of bats, or because hunting pressure was pushing bats into 
other locations, which were unknown or simply too difficult to reach.  
Both subsistence hunting (for the hunter’s family or to share with the local community) 
and commercial hunting occurs. For the latter, larger offtakes are taken to meet specific 
orders, or to sell in markets or to bat bushmeat bars. Hunters from the north of the island 
will specifically travel elsewhere to hunt bats - often to the south, where a shortage of 
availability of both shotguns and cartridges makes it difficult for local residents in those 
areas to hunt to the same extent. People must travel to the capital in the north to obtain 
cartridges. This is also the case at the other ‘end of the road’, in the central west of the 




Other methods for bat hunting include slingshots (e.g. by children for leisure, Figure 2.19) 
and the use of wire mesh fruit traps. There was generally no perception of any health risks 
associated with hunting or preparing bats, other than the risk of a wound from a bite. 
Bat consumption: Questionnaire responses indicated that men are much more likely to eat 
bats than women, however sample sizes from women were too small for statistical 
analyses. Of 34 men interviewed, 29 responded that they eat bat meat more than once a 
year (and for over half the respondents, the frequency was at least weekly). Conversely, 
only 1/5 women interviewed responded that they would ever eat bat. Many respondents 
considered bat meat to be a ‘hot’ meat (along with other bushmeat species such as monkey 
and civet, but not wild pigeon), which should be avoided by pregnant women (due to 
perceived abortion risk) or people with prior gastrointestinal problems. Several 
respondents also commented that bat meat should be avoided by people with any open 
wounds as it was thought to cause delayed healing. 
Other interactions: Palm wine consumption is ubiquitous among men in São Tomé. A hole 
is cut into the highest part of the trunk of each palm tree with a knife and a tube is inserted 
to funnel the palm sap into a container. The containers were mostly 1 L water bottles with 
a small opening. The sap is collected twice daily, filtered through some very coarse netting 
to remove large debris, pooled with sap from other trees, and then left to ferment for 4–5 
days in larger containers before consumption. Palm wine collectors reported observations 
of bats, monkeys and birds drinking from the funnel, however they do not perceive any 
health risks from drinking sap (other than as a result of inebriation) and will drink fresh sap 
in the forest immediately after collection. 
 
Figure 2.19 E. helvum bats hunted by slingshot by young boys in São Tomé. The male bat 






Multiple locations, primarily Novo 
Location: The entire southern half of Príncipe island is national park, with almost 
impenetrable terrain, and substantially more rain annually than the north of the island. 
Local national park rangers reported that E. helvum are only found in the north of the 
island during the rainy season, when they come to feed on the fruiting trees, and roost in 
coconut palms or coastal cliff-faces closer to smaller human populations (e.g. Abade, 
Sundy) during the day. While the rainy season was expected to begin in March, no rains 
had come yet in mid-April 2010, trees were not yet in fruit, and all wet-season roost sites 
in the north of the island were empty (except for two male adult bats).  
In an isolated area of the national park in the south of the island, the large, previously 
reported ‘Novo’ colony was located and sampled from (Figure 2.20). 
 
Figure 2.20 Map of Príncipe island indicating E. helvum colonies and sampling sites. Key: 
Circles indicate colony locations (open circle: colonies were reported or used to exist in the 
past, but no bats were found; filled circle: colony observed and sampled). Only two 
individuals were sighted in the northern colony, and the major colony is that shown in the 
south-west. 
Population size and migration: This colony was previously estimated as having 10,500–
14,000 bats (Dallimer et al. 2006), and in this study, was estimated to contain 20,000–
24,000 bats, though an incomplete view of the emergence flight path means that this is a 
minimum value. Park rangers suggested there might have been another colony of roughly 
equivalent size on the island. Migration off the island is not expected from previous studies 
(Juste et al. 2000), and was not reported to occur by any local residents interviewed. 
Reproductive seasonality: A previous study observed females with suckling neonates 




weeks, this would indicate that the birthing period begins around the beginning to middle 
of December. Consistent with this previous observation, no females were detectably 
pregnant during sampling in April 2010, and juveniles were estimated at approximately 4 
months old. However, unusually, one adult female was captured with a suckling neonate 
that, due to its size, weight (40g) and limited fur covering, was estimated at only a few 
days old. 
Roost structure: Bats caught using a mist net at this location in April 2010, comprised 
41/62 (66%) adults, 20/62 (32%) sexually immature bats and one neonate. 
Bat-human interactions: Consumption of bats is less common on Príncipe than São Tomé, 
and while some survey respondents indicated that this was due to lack of supply, hunters 
reported a lack of demand. This may be seasonal, however, as respondents reported 
frequent consumption during the wet season when the bats are easily found around 
settlements (November to January). Hunting is performed with shotguns and fruit-traps. 
Both men and women eat bats (and drink palm wine). As with São Tomé, bat meat is 
considered ‘hot’ meat, and not advisable for pregnant and lactating women, but otherwise, 




Location: Two colonies were identified in the south of the island (Figure 2.21), the first, at 
Adjo, north-eat of Mábana, and another nearby at Vite, on the path between Mábana and 
Aual. A site where bats had previously been seen roosting near San Jose in the north of the 
island was empty. E. helvum bats were also observed at night flying over the southern 
ridge of the volcanic crater, and in breadfruit and ceiba trees in the urban area of Palé. The 
island is very small but rugged, and was not surveyed extensively, so other colony and 
feeding sites are likely to exist. 
Population size and migration: The terrain precluded accurate roost or nightly emergence 
counts, however population sizes at Adjo and Vite were estimated at approximately 1000 – 
1500 bats and 600 –1000 bats, respectively. 
Reproductive seasonality: Adult females were in very early or early stages of pregnancy 
and no juveniles were observed in the colony. Based on a gestation period of 4 months, the 




Roost structure: Captured individuals were classified as adult (n=43, comprising 14 
females and 29 males) or sexually immature (n = 32, comprising 19 females and 13 males). 
Sexually immature individuals were further classified into those that were estimated at 8 
months old (n = 21) and those that were estimated at 20 months of age (n = 11). 
Bat-human interactions: Domestic pigs were observed foraging under a breadfruit tree and 
banana plantation where E. helvum bats were observed feeding during the night. Informal 
investigations revealed that E. helvum bats are eaten infrequently in Annobón. Children or 
teenagers were reported to occasionally kill bats feeding close to urban areas with 
slingshots for consumption. Adults reported that they would not eat bats, either because of 





Figure 2.21 Map of Annobón island indicating E. helvum colonies and sampling sites. Key: 
Circles indicate colony locations (open circle: colonies were reported or used to exist in the 
past, but no bats were found; partially filled circle: colony observed, but not sampled; filled 
circle: colony observed and sampled). Squares indicate sites where E. helvum bats have 







Location: E. helvum bats roost throughout the city of Malabo in coconut trees and royal 
palm trees (Roystonea spp.) (Figure 2.22). Larger colonies were located in the grounds of 
the Chinese embassy, the Universidad Nacional de Guinea Ecuatorial (UNGE) and in an 
empty plot opposite the Spanish embassy. This is a highly urban bat population and 
samples were collected using a mist net placed within the construction site (Figure 2.23). 
There are no known colonies outside of the city or in the south or centre of the island.  
 
 
Figure 2.22 Map of Bioko island (left) and close-up of Malabo (right) indicating E. helvum 
colonies and sampling sites. Key: Circles indicate colony locations (partially filled circle: 
colony observed, but not sampled; filled circle: colony observed and sampled). 
 
 
Figure 2.23 Location of mist net for catching E. helvum bats in Malabo Bioko, demonstrating 
that this species appears content to roost in highly urban environments, and the successful 




Population size and migration: The sizes of the three large colonies mentioned above are 
approximately 1500–2000, 1000, and 300 bats respectively. A total population size for 
Malabo was crudely estimated at 6000. Residents report that the population fluctuates 
seasonally, increasing when the rainy season begins in June. It is unclear what proportion 
of the seasonal population increase is due to this corresponding to juvenile weaning time 
versus migration from other colonies on the mainland. Residents also reported that the 
year-round resident population has increased over recent years. 
Reproductive seasonality: At the end of April, females were seen carrying juveniles, and 
when catching commenced in late May, many free-flying juveniles were caught. The birth 
pulse was therefore estimated to begin in mid-April. 
Roost structure: From this sampling site at the colony, of a total of 105 bats, just 15 were 
adults, 2 were sexually immature, and the remainder were juveniles. Logistics meant that 
sampling was conducted through the night in this location, and in retrospect, this site 
appeared to be predominantly juveniles who had been left at the roost while their mothers 
went out to feed. 
Small numbers of Hypsignathus monstrosus (Hammer-headed fruit bats) were also 
observed flying through the city at dusk. A sexually immature male and a pregnant adult 
female were caught and sampled. In Gabon, H. monstrosus are reported to give birth 
around July to August, and the estimated size of the foetus was consistent with this. 
Bat-human interactions: While the bats are largely ignored, residents dislike them for their 
noise and mess, and for destroying the trees in which they roost.  
Informal investigations and questionnaires in Bioko revealed that E. helvum bats are not 
eaten by the majority of the population, but they are occasionally eaten by people of the 
Fang tribe from mainland Equatorial Guinea, or immigrants from other African countries. 
Bats were reported to occasionally be available at the bushmeat market in Semu. One 
respondent from the Bubi tribe described perceived associations between bats and 
witchcraft. 
Hunting of bats in mainland Equatorial Guinea is reported to be rare, with the exception of 
the districts of Mongomo, Ebibeyín and Micomoseng in the north-east of the country 
(David Gill, pers. comm.). Here, extensive hunting pressure and degradation of forests has 
resulted in the depletion of other bushmeat species, and in the absence of other available 
prey, driven people to bat hunting as an alternative. Hunting using a slingshot was also 




2.3.4.9 Democratic Republic of the Congo (DRC) 
Kisangani 
Observations here were made by Guy Crispin Gembu Tungaluna 
Location: Samples were collected during the evening at various forest feeding sites around 
Kisangani, central DRC. While no major roosts exist within the city of Kisangani, roosts 
are present year round on the nearby Mbiye island (0.454 N, 25.282 E) and in the Boyoma 
wildlife sanctuary on Mafi Island (0.399 N, 25.345 E). Specific population sizes are 
unknown, however abundance on the islands, and as assessed from captures at feeding 
sites, is reported to increase between March and September. 
Population size and migration: E. helvum is reported to occur year-round in Kisangani with 
peak abundance between March and September, but population sizes are unknown. 
Reproductive seasonality: Lactating females were caught in March 2005, consistent with 
reports that fruit bats in the region are generally pregnant either from December to 
February or from June to August.  
Roost structure: From 34 individuals caught late June – late July, 35% were male. 
Bat-human interactions: Hunting is reported in colonies on Mafi and Mbiye islands, and in 
the Yoko forest reserve (32 km from Kisangani). Hunters reported that they used to hunt E. 
helvum with guns, however since carrying weapons was made illegal, they now use 
slingshots, locally-made nets, or cut down roosting trees during the day and kill bats that 
fall with a stick.  
Four fruit bat species are regularly sold in the large bushmeat market in Kisangani: E. 
helvum, Epomops franqueti, H. monstrosus and Rousettus aegyptiacus, however E. helvum 
and E. franqueti are the more common species. In 2008, an E. helvum bat cost 150 FC 
(0.25 USD) to buy, but in February 2012 cost 800 FC (0.89 USD, approximately 6 – 9 
USD per kilo of meat) . H. monstrosus bats currently cost 1200 FC (1.33 USD). Although 
this is less expensive by weight than other meat, a disproportionate increase in price has 
been observed over this time period compared to other meats such as beef and pork, which 
currently cost 10,000 FC (12 USD) and 4500 CF (5 USD) per kilo, respectively. 
Anecdotally, it appears that the increased price able to be gained from bat meat appears to 
have increased hunting efforts. Consumption of bats is reported to depend on the food 






Samples from Ghana are included in subsequent genetic and serological analyses, although 
the samples were not collected directly for this project. The Ghanaian colonies are 
described in detail in Hayman et al. (2012b), and summarised here. Connectivity between 
three colonies in the southern half of Ghana included in these analyses has been 
demonstrated in radio-telemetry studies (Hayman et al. 2012a). 
37 Military Hospital, Accra 
Location: The main study site is a large colony of bats roosting in the city of Accra, within 
the 37 Military hospital, Accra Park and Gardens, and along the roadside in the immediate 
vicinity. 
Population size and migration: This colony fluctuates in size over the year, with a small 
resident colony of ~4,000 bats from ~ April – October to up to ~ 1,000,000 bats when the 
majority of the colony returns from the annual migration in November (Hayman et al. 
2012b). The exact timing of migration is inconsistent from year to year.  
Reproductive seasonality: The annual migration occurs from ~March to November. In 
November, females are not detectably pregnant. Pregnant females are captured in January, 
and near-term females are captured frequently in March, however no neonates have been 
observed within this colony, indicating that females move elsewhere to give birth (Hayman 
et al. 2012b). 
Roost structure: A male capture bias has been observed, particularly during the migration 
period when only a small resident colony remains. Over all sampling periods from 2007 – 
2010, males comprised the following proportion of bats caught: 62% (Nov), 71% (Jan), 
93% (Mar), 79% (Jul) and 73% overall. 
Bat-human interactions: The bats roost over busy public areas and the risk of contact with 
urine and faeces is high. Bats are commonly hunted from the roadside or within Parks and 
Gardens for bushmeat consumption. Since the use of shotguns is illegal within the city, 
bats are killed primarily using slingshots, or collected opportunistically when a bat-laden 
branch falls to the ground. The bats are resented for the noise and the mess created from 
urination and defecation and consequently, roosting trees are occasionally pruned heavily 
to discourage roosting.  
Kumasi Zoo, Kumasi 
Location: A colony exists within the grounds of Kumasi zoo, which lies centrally in the 




Population size and migration: The population size was estimated at 500,000 in March 
2009 (Hayman et al. 2012b). 
Reproductive seasonality: Females with attached neonates have been observed at this site 
in March, but not sampled (Hayman et al. 2012b). 
Roost structure: In March 2009, the colony was heavily male biased and 83% of bats 
caught were males. Reproductive cycling is assumed to follow a similar pattern to Accra. 
Bat-human interactions: As with Accra, the bats roost in a busy public area, and are hunted 
by slingshot and opportunistically collected from fallen branches. 
 
Tano Sacred Grove, Tanoboase 
Location: This recently documented colony is within a sacred forest under protection by 
the local community, and lies approximately 100km north of Kumasi and 300km north of 
Accra. 
Population size and migration: The population size was estimated at over 3 million in 
March 2008 (Hayman et al. 2012b). Bats are reported to roost here all year round, but in 
greater numbers from April to August and at its maximum in June and July.  
Reproductive seasonality: Females with attached neonates have been observed at this site 
in March, but not sampled.  
Roost structure: In March, the sex structure was more balanced than in other locations, 
with 60% of bats caught being male.  
Bat-human interactions: While hunting is prohibited within the sacred reserve, illegal 
hunting does occur and was recently reported to have increased in intensity. There are also 
some tourism activities within the reserve. 
 
2.3.4.11 Kenya 
Samples were included from sites 3, 5 and 24 in a study by Kuzmin et al. (2008). Sites 3 
and 5 were E. helvum roosts in western Kenya, and site 24 was a roost in south-east coastal 





2.3.4.12 Other reported colony locations 
The following list contains information regarding other E. helvum colony locations 
gathered during the course of this study, but not investigated in detail. 
Yaounde, Cameroon 
A large E. helvum colony has been observed in the British American Tobacco compound 
(3.89072 N, 11.50934 E) (Fiona Maisels, pers. comm.). 
Libreville, Gabon 
Several E. helvum colonies were reported in Libreville, including near the Cathedral along 
the Bord de Mer (0.40342 N, 9.43601 E) and near Trois Quartiers (“we can sometimes 
hear them being shot at from the office!”) (Fiona Maisels, pers. comm.); and in the gardens 
of the French embassy (0.38319 N, 9.44690 E), in Quartier Louis and Haut de Gue-Gue 
(Oliver Hymas, pers. comm.). 
These colonies appear to be present during the wet season from September to June (Kate 
Abernethy, pers. comm.). E. helvum was reported not to be found in the bushmeat markets 
in Libreville city, however that they are eaten in rural areas (Oliver Hymas, pers. comm.). 
Quilemane, Mozambique 
A colony was reported in Quilemane (17.88 S, 36.89 E), but no further details are available 
(Ara Monadjem, pers. comm.). 
Brazzaville, Congo 
Large bat markets have been reported here in September, with both live and dead bats sold 
(Trish Reed, pers. comm.). This is consistent with observations in December 1914 and 
April 1915, reported by Allen et al. (1917). They are also reportedly consumed in great 
numbers in the Pool region of Congo (Ken Cameron, pers. comm.). 
Kigali, Rwanda 
E. helvum appear to be seasonally present around the Kiyovu and Nyamirambo areas of 
central Kigali, predominantly near the National Bank of Rwanda (1.9483 S, 30.0639 E) 
and the Serena Hotel (1.9565 S, 30.0624 E). Seasonality reports vary, but generally report 
presence from August to September, followed by an absence, before a return in January–
February (Carina Erdmann, Simon Allen and Nick Fraser, pers. comm.) 
A colony of E. helvum has also been observed roosting in palm trees in Gisenyi, outside 
the Serena hotel along the shoreline of Lake Kivu (1.7047 S, 29.2600 E) in January (Scott 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
   
   
   
   

















Overall, this study aims to investigate the distribution of zoonotic viruses in E. helvum fruit 
bats, and their genetic metapopulation structure across continental Africa and the Gulf of 
Guinea islands. Inextricably linked to this is an understanding of the species distribution, 
its population sizes, and reproductive and migrational seasonality; data on which are 
sparse. While a comprehensive study of this would require many years of work focussed 
solely on this objective, data gathered here supplement published data, and are important 
for interpreting the findings of subsequent chapters. 
 
2.4.1 Estimation of population sizes 
Obtaining reliable population estimates of bat colonies is notoriously difficult, due their 
roosting ecology, large population sizes and nocturnal habits (O'Shea et al. 2003). In 
addition to these challenges, the emergence counts performed in São Tomé and Príncipe 
were hindered by an incomplete view of the area over which bats could have been 
emerging from the colony, indicating that the cumulative counts recorded are likely to be 
underestimates. Also, as with previous studies (Dallimer et al. 2006), counts differed 
significantly between consecutive nights and observers, however it is possible that 
observer differences could be reduced with additional experience and training (Forsyth et 
al. 2006). Finally, while fitting simple mathematical models to imperfect field data may aid 
interpretation and allow extrapolation of counts past darkness, a number of frequently 
untested assumptions have to be made.  
Firstly, the model assumes that the number of bats emerging per minute follows a normal 
distribution over the period of emergence (including after dark), yet this has not been 
explored in fruit bats. Secondly, given that predicted times to peak emergence (i.e. the 
inflection point of the logistic curve, t = 39–56 minutes) are similar to the times at which 
observations were ceased (46–53 minutes), the model is highly sensitive to the accuracy of 
the counts at this point. Unfortunately, this is also when the counts are expected to be the 
least accurate, due to poor visibility, observer fatigue, and large numbers of bats emerging. 
The relationship between true fruit bat emergence counts (assessed using videos) and 
observer emergence counts is non-linear, and observer precision has been found to 
decrease as the rate of emergence increases (Westcott & McKeown 2004; Forsyth et al. 
2006). These factors may be a reason for the inability to fit the counts from the 11th of 




been equally appropriate to fit to the data, and may have given different estimates (Forsyth 
et al. 2006). 
While the accuracy and precision of the estimates presented here are compromised by the 
factors discussed above, this technique provides a valuable starting point, and counts 
presented here can at least be expected to represent absolute minimum colony sizes. The 
Novo colony in Príncipe was larger (20,000–24,000) than during a previous estimate 
(10,500–14,000), however it is not possible to draw conclusions on whether changes have 
occurred in the overall size of the population since the latter study was undertaken in 
January when females were lactating, and population structure and densities may not be 
comparable (Dallimer et al. 2006). Future attempts to improve the accuracy of these 
estimates could include the identification of multiple viewpoints that would provide a more 
complete, yet minimally overlapping, view of the emergence zone, and the use of multiple 
observers at each viewpoint. Night-vision or thermal imagery studies of E. helvum 
emergence patterns in more accessible locations would be beneficial to determine whether 
emergence per minute is expected to follow a normal or skewed distribution, and therefore 
the most appropriate function to fit to the data.  
A daytime roost count method was used in other locations in this study. This method has 
been used successfully in Ghana (Hayman et al. 2012b), however it relies on the roost 
being in an area which is accessible, the trees having a relatively open canopy so as to 
allow the majority of roosting bats to be seen, and not being so tall as to diminish visibility. 
For example, bats roosting in Indian mast trees in Dar es Salaam, Palm trees in Jinja and 
São Tomé, and densely forested areas in Annobón and Tano, were not particularly suited 
to this counting method.  
Roosting density was highly variable among sampling locations, from an extreme of 4–25 
bats m-2 in Kasanka National Park in Zambia, to the dispersed roosts observed in coconut 
groves in São Tomé, where approximately 200 bats were identified within an area of 
7500m2, giving a density of less than 0.3 bats m-2. These are clearly rough estimates, and 
are likely to be seasonally variable, however roosting density may be important when 
considering and modelling viral dynamics in these populations.  
Each of the currently available methods for estimating population sizes of bats has 
limitations to the degree of accuracy with which it can assess large population sizes and its 
feasibility across a large geographic scale. Indeed, much is yet to be understood about the 
seasonal changes in E. helvum distribution across its range. This would require a 
large-scale, co-ordinated project, ideally utilising a network of local residents. 




general public to contribute information useful for scientific studies by mobile phone 
networks (as reviewed in Silvertown 2009), and such approaches are likely to be suitable 
for E. helvum population monitoring across continental Africa. E. helvum is a conspicuous 
and easily recognisable species, and at a minimum, users would be capable of reporting the 
seasonal presence or absence of this species in their local area. Additionally, a smaller 
network of trained users could undertake regular, and more thorough, roost or emergence 
counts of larger roost sites. Although the methods for such a project were investigated, its 
implementation was outside the scope of this study. 
 
2.4.2 Seasonality of E. helvum 
Seasonality is central to the ecology of E. helvum. The distribution of this migratory 
species alters in response to the distribution of available fruit and nectar, which is in turn a 
product of seasonal weather patterns such as the wet and dry seasons produced by the 
Intertropical Convergence Zone (Suzuki 2010). These seasons determine the reproductive 
cycle, with births coinciding with the beginning of the wet season, at a time when food will 
be plentiful for young bats as they are weaned (Mutere 1967; Kingdon 1974). Finally, 
colonies divide and rejoin within these reproductive cycles and distributional changes, with 
the divided groups appearing to differ in their age and sex structure. Although specific 
studies have not yet been performed for this species, it can be assumed that the seasonal 
changes experienced by E. helvum populations result in changes in population density, 
contact rates and types, and subsequently, viral transmission rates. Known and suspected 
seasonally-affected relationships are summarised in Figure 2.24. 
Apparent age and sex structuring of colonies was observed, most notably a strong male 
bias in the Ghanaian and Dar es Salaam colonies. Interestingly, a male bias was also 
observed in Kenya at the same time of the year that a female bias was observed in the DRC 
(though in different years). The male bias in Kenya corresponds with previous findings in 
this area, during the period when females from that region would have been expected to be 
giving birth (Mutere 1980). Also, observations of E. helvum flight patterns in Avakubi, in 
the north-west of the DRC, have indicated migrations into the area from the north east in 
May and June (Allen et al. 1917). While data are sparse, the potential for connectivity 
between these regions is not unreasonable, given the known migratory range of this species 





While it is likely an extreme case, results from Bioko illustrate the potential for sampling 
bias as a result of selection of sampling location, methods, and timing of sampling. Here, 
84/105 (80%) of bats caught were less than 2 months old: a result of a combination of 
factors, including the inadvertent selection of a sampling site next to a nursery roost, at the 
time of the year when juveniles were being weaned, and by catching throughout the night 
when mothers appear to leave their offspring at the roost while they feed (Eby 1995). 
Apparent nursery colonies were also identified in São Tomé and age-clustering bats within 
colonies have been reported in Uganda (Kingdon 1974). Different biases may also exist in 
sampling with mist nets versus hunted bats, at roost sites (most locations) or feeding-sites 
(DRC), or in ‘resident’ or ‘seasonal’ colonies (e.g. during different times of the year in 
Ghana). For example, in this study and others (Richter & Cumming 2006), the colony at 
Kasanka National Park in Zambia contained females in both early pregnancy and lactation. 
Together with its immense size, and short seasonal presence, the Kasankan colony has 
therefore been hypothesised to be a ‘mixing pot’ of various populations. However, females 
in early pregnancy and lactation were also observed in the small colony in Blantyre at the 
same time of the year. In many cases it is not possible to eliminate these sampling biases, 
but it is vital to consider and account for them. 
The differences in adult age structure among populations identified by tooth-ring analyses 
are fascinating, particularly the ‘older’ age distribution of Dar es Salaam versus a relatively 
‘young’ distribution for Morogoro; colonies in Tanzania which are ~180 km apart and 
reproductively synchronised. These data came from a single time point, and while sample 
size may be partially attributable (Dar es Salaam n=66, Morogoro n=28), the Morogoro 
colony was anecdotally reported as being present in the area only ‘recently’. It was outside 
the scope of this study, but would be interesting to investigate the history of these two 
colonies in more detail. Studies in other fruit bats have identified heterogeneity in age 
structure, for example, indications that some harems in Cynopterus sphinx are founded by 
nulliparous females of the same age cohort (Storz et al. 2000). Differences such as these 





Figure 2.24 Potential relationships between seasonal weather conditions and changes in 
pathogen transmission rates in E. helvum. Solid lines indicate associations previously 
documented or hypothesized for E. helvum. Dashed lines indicate hypothesised 
associations from other systems that have not yet been explored for E. helvum. ITCZ = 
Intertropical convergence zone. 
 
2.4.3 Morphological variation 
Morphology was also observed to vary among sampling sites, firstly with male (and less 
so, female) body weight in São Tomé and Bioko, and secondly with a reduction of size in 
isolated island populations compared with those on the continent. 
It was hypothesised that the observed increase in male body weight in São Tomé and 
Bioko was related to the phase of sampling, since Bioko and São Tomé were sampled 




demonstrated that both sexes were heaviest in April, during a period of abundant food 
supply in Kampala, which corresponds to phase 2. The birthing period appeared to be 
timed to coincide with peak fruiting availability (Mutere 1980), and in addition to assisting 
juvenile growth and female recovery following lactation, it follows that the good 
conditions are also beneficial for males, and may help them prepare for the next breeding 
season. This was not fully supported by analyses within Ghana, however, where a large 
dataset from different phases was available. While female body weight peaked just prior to 
the birthing season (consistent with additional weight of the foetus in phase 11), male body 
weight, or weight:forearm length ratio was stable throughout the year in Accra. However, 
the majority of bats migrate away from Accra during this time, and the remaining resident 
males may not be representative of males across the whole population. Peaks in male body 
condition immediately prior to the breeding season (followed by a reduction associated 
with territory defence and courtship) have been reported in polygynous P. poliocephalus 
fruit bats (Welbergen 2011). Body condition of females of this species peaks prior to 
parturition and declines rapidly during lactation, and therefore correlated with maximal 
reproductive effort in both sexes. Further investigation into E. helvum’s mating systems 
would be valuable to enable parallels to be drawn to other fruit bat species. 
An alternative hypothesis to explain variation in body size among the islands is that 
morphology on the islands has adapted in relation to island size, according to island 
biogeography theories. The ‘island rule’ (Van Valen 1973), is a general pattern in which 
smaller species tend to increase in size in insular habitats, while larger species tend to 
decrease in size. Given the great number of exceptions to this rule, others have suggested 
that the pattern depends more on the resource availability on each island and on species 
differences in basal metabolic rates (McNab 2002). Bats have been shown to decrease in 
size (measured by forearm length) with decreasing island area than absolute island size 
(Krzanowski 1967; McNab 2002; Lomolino 2005), and although this effect was seen here 
(correlation between forearm length and log10 island area), significance was attributable to 
a significant reduction in forearm length in Annobón only, rather than systematic 
differences across all islands. Additionally, and importantly, the primary difference among 
the other islands was in body weight, which is likely to be more seasonally variable. 
Reductions in size such as that seen in Annobón can occur rapidly (within a few thousand 
years) after island colonisation (McNab 2002) as a result of altered selection pressures. For 
example, with resource limitation on islands, the decreased energy requirements associated 
with smaller body size permit a larger population to be maintained (McNab 2002). This 
may be the case for Annobón since the island is very small (17.5km2), younger than other 




on São Tomé and Príncipe, on the other hand, may not be sufficiently limited to induce 
reduction in body size (at least in contemporary times, there are plentiful supplies of fruit 
on the island from abandoned banana and cacao plantations). Alternatively, maintenance of 
larger body size may be beneficial in permitting dispersal between the two islands, or it 
may be that regular mixing with individuals from the mainland prevents reduction in body 
size.  
 
2.4.4 Bat-human interactions 
The proximity of E. helvum roosts to human populations and the public perceptions of 
E. helvum vary strongly across its geographical range and the two appear to be linked. In 
one extreme, bats roost in the middle of busy cities and large towns (Dar es Salaam, 
Morogoro, Accra, Malabo, Kigali, Bata, Libreville, Kisangani). In these locations, while 
bats may be resented for their noise at unsociable hours, the mess created under roost sites 
from urination and defecation, and damage to roost trees, bats are generally tolerated and 
ignored. Hunting in these areas is either virtually absent, as a result of dietary preferences 
(Tanzania, Malawi, Zambia) or superstition (Bioko, Annobón), or is limited to relatively 
small-scale offtake with slingshots due to restrictions on using guns in cities (Accra, Jinja). 
Within the cities, bats tend to roost in the tallest trees available, and often within sites that 
provide some form of ‘sanctuary’ and where hunting would be discouraged. This includes 
hospital grounds (Accra, Kampala, Tuele, Nguludi), embassies (Malabo, Libreville), 
botanical gardens (Accra, Ile-Ife (Fayenuwo & Halstead 1974)), and private or corporate 
compounds (Yaounde, Dar es Salaam). Alternatively, it may be that these locations are 
some of the few areas within these developing cities with sufficient numbers of large, tall 
trees remaining to accommodate large roosts. While hunting is reduced in cities, other 
forms of persecution still have the capability to deter roost formation, for example, 
removal of roosting trees and smoking of roosts appears to have severely reduced 
population sizes in Kampala.  
On the other extreme, most notably on the islands of São Tomé and Príncipe, but also in 
the Volta region (Kamins et al. 2011) and Tano Sacred Grove in Ghana, hunting pressure 
is high and large E. helvum populations are found in remote areas, and further from human 
settlements. Bat colonies in the north of São Tomé were highly mobile, and regularly 
vacated roost sites in response to hunting in the area. The only exception in the north of 
São Tomé was a small roost of bats within the grounds of a 5-star hotel in the city of São 




roosting in inaccessible locations in the south and central west of the island, where guns 
and cartridges are not readily available. 
These different scenarios of human-bat interaction may have implications for the relative 
risk of spillover of zoonotic pathogens to humans. While city-dwellers living and working 
under colonies may be of greater risk of pathogens transmitted through aerosols containing 
bat urine or faeces, bat hunters and those who prepare bat carcasses may be of greater risk 
of pathogens transmitted directly through bites or contact with blood.  
The large colony in Zambia is perhaps an exception to these classifications. The fruit pulse 
there appears capable of only supporting a colony of this size for a very short period, after 
which the bats must move on. Perhaps the generalisations above are therefore applicable 
only to more ‘permanent’ roost sites. While the colony in Kampala was noted as early as 
1936 (Mutere 1967), it is interesting to note that Allen et al. (1917) recorded that “They 
have nowhere well established roosts, nor are they present in numbers for a long period in 
any region except where cultivation of non-autochthonous fruit-trees helps provide an 
ample food-supply throughout the year, as in many eastern and western coastal districts.” 
A transition from a nomadic lifestyle towards the existence of permanent roosts has been 
noted under the same conditions in Pteropus spp. in Australia (Plowright et al. 2011), 
along with an increased risk of spillover of Hendra virus. Monitoring of the annual 
migrations of E. helvum roosts, or lack thereof, may therefore prove useful in the future for 
addressing any viral pathogens that may emerge. 
 
2.4.5 Caveats associated with the study design 
E. helvum roosts in aggregations across a continuous, or at least connected, continental 
distribution. While many of these large aggregations are well known, and few are well 
studied, investigations here identified a number of colonies in central and southern Africa 
not previously reported elsewhere. It is unclear, therefore, what proportion of the total E. 
helvum population is made up of the colonies reported here and elsewhere. It has 
previously been observed that large roosts are seldom closer than 60 km to each other 
(Kingdon 1974), however in practice, the distance and connectivity between resident and 
seasonal aggregations across the species distribution are also unknown.  
Much remains to be learned about E. helvum social structures. Given the differences in age 
and sex structure among sampling sites detected here and elsewhere, a fission-fusion social 
structure (increasingly being recognised in both Pteropodiformes and Vespertilioniformes 




over vast areas (Richter & Cumming 2008), it is not possible to know with confidence 
whether sampling sites presented here, or in other E. helvum studies, are independent. This 
is a recognised issue in conducting research on widely distributed and highly mobile 




“In Eidolon helvum, which has the widest distribution and is also the greatest traveller 
among African fruit-bats … we are not able to … show beyond a doubt that large 
migrations take place at definite seasons. … It is nevertheless certain that immense 
numbers of Eidolon helvum journey about irregularly and then become abundant in 
regions from which they were previously absent.” Allen et al. (1917) 
In the century since this observation was published, small inroads have been made in 
understanding the biology and migratory patterns of E. helvum, yet much is still to be 
learned. Observations and analyses presented above were performed on E. helvum colonies 
across sub-Saharan Africa and on four offshore islands as a by-product of genetic and 
serological studies. Although incomplete on their own, and difficult to draw firm 
conclusions from, they make a valuable contribution to sparse and patchy data published to 
date. A cross-sectional study provides a snapshot in time, and caution is required in 
interpretation of findings and in making epidemiological inferences, especially when 
conducting studies on a species as mobile and widely distributed as this. Importantly 
however, differences in age and sex structure were observed among populations, and 




Chapter 3 Characterisation of microsatellite loci 
in Eidolon helvum 
3.1 Introduction 
Prior to commencing the genetic analyses described in Chapter 4, the development of 
species-specific microsatellite markers was required. Development of a library of 
candidate microsatellites is potentially time consuming, and ideally performed by those 
with experience in the techniques. As this was not the primary aim for this study, the initial 
genomic library development was outsourced to a commercial company, Genetic 
Identification Services (GIS, Chatsworth, USA). Described below are the subsequent 
analyses and development of a set of microsatellite markers intended to be used in 
combination with mitochondrial DNA sequences to investigate the genetic metapopulation 
structure of E. helvum. 
This chapter was based on a paper published in Conservation Genetics Resources (Peel et 
al. 2010) . 
 
3.2 Microsatellite library development 
Genomic DNA was extracted from E. helvum muscle tissue samples previously collected 
from dead bats in Ghana and stored in 70% ethanol, using a standard phenol–chloroform 
method. Four genomic libraries, enriched for two dinucleotide motifs (CA, GA) and two 
tetranucleotide motifs (AAAC, TAGA), were prepared from pooled genomic DNA by 
Genetic Identification Services. Libraries were constructed following Jones et al. (2002). 
Primers were designed for 89 microsatellite loci using DesignerPCR 1.03 (Research 
Genetics Inc., USA), and a subset of these (n = 33) was selected for screening. Criteria for 
screening included those loci with at least 5 repeats in the library sequence (giving a higher 
likelihood of informative heterozygosity), and with appropriate adjacent primer sites that 
avoided poly-nucleotide strings. 
For genotyping, genomic DNA was extracted from wing membrane biopsies (4mm) or 
liver samples from 142 adult bats from nine locations across continental Africa using 
DNeasy Blood and Tissue Kit (QIAGEN Ltd., UK). Marker amplification was assessed in 
a subset of these samples (n = 8) in 10µl PCRs (polymerase chain reaction), containing 4ng 




(QIAGEN Ltd.). Amplification was performed using the following conditions: 5min at 
94°C; 30 cycles of 30s at 95°C, 90s at 57°C, and 30s at 72°C; then 30s at 60°C. PCR 
products were initially checked by gel electrophoresis on 2% agarose gels, run at 160V for 
60min to ensure a single locus was amplified. Loci that did not consistently amplify, or 
amplified more than one band, were discarded. 
Primers that produced a clean product were selected and forward primers extended with an 
appropriate 5’ 19-mer to allow indirect end labelling using an M13, T7 or SP6 fluorescent 
labelled primer. Initially, 30 markers were assessed for polymorphism in a subset of 
samples (n = 24). Genotyping was performed by capillary electrophoresis using a Beckman 
CEQ 8000 (Beckman, UK). Allele sizes were scored automatically prior to manual 
verification. Ten loci were discarded due to scoring difficulties (stuttering and ambiguous 
peaks). One locus (M) was monomorphic and was retained as an internal control. 
Remaining samples were run as multiplex PCRs and genotyped at 20 loci (Table 3.1). 
Genotyping error rates (calculated at the allelic level) were assessed by replicate 
extractions (1%), PCRs (20%), allele scorings (10%), replicates by different users, and 
inclusion of positive and negative controls (Bonin et al. 2004). 
Observed and expected heterozygosity values were calculated and each locus was tested 
for evidence of departure from Hardy–Weinberg equilibrium (HWE) and for genotypic 
disequilibrium using FSTAT 2.9 (Goudet 1995), with appropriate Bonferroni corrections 
for multiple testing. All loci were analysed in MICRO-CHECKER (van Oosterhout et al. 
2004) to test for null alleles, stuttering and large allelic dropout as a cause of departure 
from HWE. 
 
3.3 Selection of loci 
An initial 142 continental samples were scored at 20 microsatellite loci. The mean number 
of alleles per locus was 12 (range 3–46). Observed and expected heterozygosity values 
ranged from 0.01 to 0.90 and 0.03 to 0.97, respectively (Table 3.1). Six loci showed 
heterozygote deficiencies resulting in significant deviation from HWE, four of which (F, S, 
Ac and Ae) showed deviation in one to two geographically separate populations, and two 
(B and Ad) in five to six populations. B was homozygous in 100% of known males (n = 
41), and 16% (n = 6) of females, suggesting it was X-linked, whereas deviation in Ad 
appeared to be due to the presence of null alleles. Eight other loci (T, S, F, K, Ac, Ai, Ah 




with 97% of individuals being homozygote for a single allele. No loci showed significant 
genotypic disequilibrium. 
The overall genotyping error rate was 1.8%, comprising 0% extraction error, 2.5% 
amplification and scoring error, and 1.2% human error. Two loci (E and Ag) contributed 
substantially to the error rates, the former due to scoring difficulties (alleles 1 bp apart) and 
the latter due to allelic dropout. The remaining 18 loci gave a mean amplification and 
scoring error rate of 1.8%. 
Overall, 17 loci were identified which are in HWE and sufficiently polymorphic for 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 4 The genetic metapopulation structure 
and demographic history of Eidolon helvum 
4.1 Introduction 
The migratory straw-coloured fruit bat (Eidolon helvum) has been identified as a reservoir 
for potentially zoonotic viruses in continental Africa (Boulger & Porterfield 1958; Pasteur 
1985b; Hayman et al. 2008a, 2008b; Kuzmin et al. 2008; Dzikwi et al. 2010). Ongoing 
longitudinal studies at a large urban colony in Accra, Ghana aim to better understand the 
ecology of E. helvum and its viruses, however further information on the connectivity 
between E. helvum populations is required to determine whether these findings can be 
extrapolated to populations across sub-Saharan Africa and on offshore islands. E. helvum 
migration patterns are largely undescribed, and while genetic analyses cannot replace 
direct studies on individual bat movements and demographic connectivity, they can 
contribute to a broader perspective upon which to base future epidemiological studies on 
transmission and maintenance of viruses among and within populations (Biek & Real 
2010; Lee et al. 2012).  
In this chapter I have assessed the genetic variation among E. helvum collected from many 
locations across continental Africa and offshore islands to infer the population connectivity 
of the species. Interpretation of the analyses presented here requires an introduction to 
fundamental population genetic theory. I also review relevant topics of current debate and 
highlight recent advances in available methods to infer genetic population structure, gene 
flow, and demographic history. 
 
An ‘ideal’ population: Hardy Weinberg Equilibrium 
Population genetic analyses are aimed at assessing variation in observed allele frequencies 
within and between populations and, by comparing observations with those expected in 
‘ideal’ hypothetical populations, making inferences on past and current evolutionary 
processes (Allendorf & Luikart 2007). For example, in a hypothetical population, with an 
absence of gene flow, genetic drift, mutation and selection, allele frequencies are expected 
to remain at equilibrium (Hardy-Weinberg equilibrium, HWE) (Weinberg 1908; Hardy 
1908). Violation of the model assumptions in natural populations can result in detectable 
changes in these allele frequencies. When genetic markers are assumed to be neutral and 




(resulting in divergence among populations) and gene flow (resulting in genetic 
homogeneity among populations) can be explored. 
Genetic drift is a stochastic process. In a Hardy-Weinberg population, a representative 
selection of alleles present within the population is passed on from one generation to the 
next, and allele frequencies therefore remain consistent over time (Allendorf & Luikart 
2007). However, random sampling error (particularly in small populations) may result in 
allele frequencies that change from generation to generation, and over time these changes 
represent genetic drift. In populations that are isolated, or experience restricted gene flow 
with other populations, genetic drift will eventually result in that population becoming 
genetically distinct. High connectivity between populations can counter the effects of 
genetic drift. 
Initial predictions of the connectivity between populations can be made based on species 
ecology and distribution. High ecological connectivity is expected among populations of 
migratory species, especially where multiple populations converge to a single or few 
locations at certain times. In Chapter 2, migration was defined in an ecological sense as 
“persistent movement from one area to another, ... typically in response to seasonal 
changes in resource abundance” (Dingle 1996). It has been proposed that E. helvum 
migration is determined by the wet and dry seasons produced by the latitudinal movement 
of the Intertropical Convergence Zone (ITCZ) (Kingdon 1974; Thomas 1983; DeFrees & 
Wilson 1988; Richter & Cumming 2006) and a recent satellite tracking pilot study 
demonstrated the potential for these movements to cover vast distances (over 2500km) 
(Richter & Cumming 2008).  
Ecological connectivity provides opportunities for genetic connectivity between 
populations of the same species, which is mediated by gene flow (the transfer of new 
genetic material from one population to another through migration and mating). In the 
genetics literature, gene flow may be referred to using the terms ‘dispersal’ and ‘migration’ 
(Neigel 1997). To distinguish these terms from the ecological definitions given above, the 
generic term ‘gene flow’ is preferred here. Although direct (observational) measures of 
gene flow are generally impossible on a large scale in bats (Burland & Worthington 
Wilmer 2001), indirect measures (such as DNA sequence and microsatellite diversity) can 
be used to infer both historical and contemporary population connectivity and structure 
(Avise 2000; Lowe et al. 2004). There has been considerable recent debate, however, on 
the exact relationships between gene flow and population differentiation, and the methods 
used to estimate them (e.g. Jost 2008 and related replies). The concepts being challenged 




F-statistics and population differentiation 
An initial model of population subdivision, and one that is assumed in many analyses, was 
provided by Wright’s island model (Wright 1931). Here, the total population consists of an 
infinite number of subpopulations connected through gene flow, where migrants are 
equally likely to come from any of the subpopulations. Greater diversity is expected within 
subpopulations than among individuals from different subpopulations, and the populations 
are expected to be in drift-flow equilibrium. The effective population size (Ne) (Wright 
1931) is the size of an ‘ideal’(Hardy-Weinberg) population that would experience genetic 
drift in the same way as the population being studied (the census population). While 
strongly dependent on the demographic history of the census population, the Ne of wildlife 
populations has been estimated to be in the order of 5–10 times less than the census 
population size (Frankham 1995; Waples 2002). Absolute gene flow (measured in numbers 
of individuals) between subpopulations in Wright’s island model is represented by Nm (i.e. 
the effective population size, N, multiplied by the migration rate among populations, m).  
Wright also developed a framework and a set of statistics (F-statistics) to describe a 
hierarchical structure of genetic diversity among and within populations (Wright 1965). 
FST is defined as the correlation of randomly chosen alleles within a subpopulation relative 
to the entire population, or the proportion of genetic diversity due to allele frequency 
differences among populations. FST was originally developed for biallelic markers, and 
ranged from zero (when allele frequencies are equal in all subpopulations) to one (when 
alleles are ‘fixed’ (i.e. present in 100% of individuals) in each subpopulation). In this case, 
FST is a fixation index and a measure of differentiation among subpopulations. FST was 
subsequently adapted to enable it to be used with multiallelic markers, and while the new 
statistic, GST (Nei 1973), can still be considered a fixation index, it does not accurately 
reflect differentiation among subpopulations (for reasons explained by Jost 2008). GST is 
highly dependent on within-population gene diversity (Hs) and, for highly variable markers 
(such as microsatellites), the maximum value of GST becomes much less than one. For 
example, the mean Hs for polymorphic E. helvum markers described in Chapter 3 was 0.81, 
resulting in a maximum possible GST of 0.19. This property of GST therefore makes 
comparisons difficult among markers with different heterozygosities, and among 
populations with different levels of diversity (e.g. founding or invading populations) 
(Meirmans & Hedrick 2011). Solutions proposed include a standardised GST, Hedrick’s 
G’ST (Hedrick 2005), or an alternate approach altogether, based on the effective number of 
alleles, Jost’s D (Jost 2008). Each has its drawbacks, and the debate on the most 
appropriate statistic is ongoing (Whitlock 2011). Current recommendations are the 




simply reporting Hs (Whitlock 2011), so that further calculations can be made at a later 
date.  
 
FST values are related to the mutation rate of the marker, and the degree of genetic drift or 
migration through the equation FST = 1/(1 + 4N(m + µ)), where N is the effective 
population size, m the proportion of genes taken randomly from other populations, and µ 
the locus mutation rate. Since µ is assumed to be very small relative to m, the relationship 
is approximated as FST=1/(1+4Nm). An alternative statistic, RST, does not place 
assumptions on the mutation rate, and therefore by comparing estimates of RST and FST, the 
relative importance of mutation and drift can be assessed. If estimates do not differ 
significantly, differences in allele frequencies among populations can be assumed to be 
predominantly due to drift, and since variance of RST is often high, FST is the preferred 
statistic. Alternatively, if RST is increased relative to FST, mutation is expected to be 
contributing to differences in allele frequencies (Hardy et al. 2003), and it may be more 
appropriate to use RST. 
RST is highly sensitive to deviation of the data from the stepwise mutation model (SMM), 
which is often not realistic (Balloux et al. 2000). To assess whether mutation follows this 
model in the observed data, alleles can be randomised within loci so that the allele identity 
remains the same, but allele size does not (Hardy et al. 2003). If the original RST is 
significantly greater than the RST on permuted alleles (pRST), mutations following a SMM 
are likely to be contributing to differences in allele frequencies, and RST is a valid and 
useful statistic. However, a non-significant result indicates that allele size is uninformative 
in assessing differences in allele frequencies (either because mutations have not 
contributed to differentiation, or they have not followed the SMM). In this case, pRST 
equates to FST and therefore FST is the preferred statistic. 
At drift-flow equilibrium, as little as one immigrant per generation (Nm>1) is sufficient to 
avoid independent divergence by genetic drift (Wright 1965), however the conclusion that 
a low Nm therefore results in population differentiation (and vice versa) has recently been 
challenged (Jost 2008). Jost argues that the ‘one immigrant per generation’ rule is tied to 
the relationship between FST/GST and Nm, and therefore refers only to fixation of alleles, 
rather than population differentiation. He states “GST and D measure different aspects of 
population structure. D measures the actual relative degree of differentiation of allele 
frequencies among the demes of a population, while GST is a useful tool for estimating one 




D is instead dependent on relative gene flow (i.e. m), locus mutation rates, and the number 
of subpopulations, but is independent of population size.  
 
This debate highlights the importance of being clear about the type of connectivity the 
study is interested in, and being aware of limitations on the information that various 
genetic measures can provide. Here, a metapopulation is considered a group of discrete 
populations that each occupy separate landscape patches, but may be connected by 
individual migration (Hanski 1998). In this model, Nm and FST are inappropriate to infer 
demographic connectivity (“the degree to which population growth and vital rates are 
affected by dispersal” (Lowe & Allendorf 2010)), which relies more heavily on the 
proportion of the population made up of immigrants rather than absolute numbers. In this 
study, however, the interest lies in the contemporary ‘epidemiological connectivity’ among 
populations. Transmission of directly-transmitted pathogens among populations is 
expected to be possible as a result of the movement of single infectious individuals, 
particularly where the receiving population is naïve to that pathogen. Therefore, absolute 
numbers of individuals moving (approximated by Nm) are equally as appropriate as 
numbers proportional to the total population. For the strict purpose of inferring genetic 
differentiation among E. helvum populations, measures based on relative measures of gene 
flow are appropriate (e.g. Jost’s D, below). Finally, for inferring genetic evolutionary 
history of E. helvum over time, it appears that combinations between different measures 
may prove useful (Meirmans & Hedrick 2011). 
 
The stepping-stone model, and expected gene flow in natural populations 
Alternative genetic models of migration and population subdivision exist, for example the 
‘stepping-stone’ model (Kimura & Weiss 1964). Here, it is assumed that migration 
between neighbouring subpopulations is not random, but is more likely to occur between 
subpopulations that are adjacent. As a result, adjacent populations that frequently exchange 
genes should be more similar to each other than distant populations, where exchange is less 
likely. Thus, a clinal increase of genetic distance is expected with increasing geographical 
distance, and the effect is termed ‘isolation by distance’ (IBD). 
In this model, the vagility of the species is an important determinant of the degree of gene 
flow and population differentiation. Compared to species with low dispersal capabilities or 
those which are geographically isolated, populations of migratory species are predicted to 
have greater mixing of populations and gene flow, thus low levels of genetic distance 




Lloyd 2003). Panmixia in migratory bats has been demonstrated in samples collected over 
almost 3000km in Pteropodiformes (Sinclair et al. 1996; Webb & Tidemann 1996) and 
across similar distances in some Vespertilioniform bats (McCracken et al. 1994; Petit & 
Mayer 1999; Ortega et al. 2003). Literature searches undertaken here failed to identify 
examples of panmixia to this extent in other terrestrial mammals, although panmixia over 
similar distances have been demonstrated in sea birds (e.g. the Peruvian booby (Taylor et 
al. 2010)), and over even larger distances in marine species (e.g. fur seals in the eastern 
Pacific sampled ~ 4400km apart (Pinksy et al. 2010), and tuna in the Atlantic (Gonzalez et 
al. 2008) and Indian Oceans (Appleyard et al. 2002) over distances of >8000km.) 
Conversely, high levels of population structure exist in some non-migratory bat species 
due to maintenance of relict population structure following historical climatic events 
(Flanders et al. 2009) or where topographic features, tracts of unsuitable environment or 
available food supplies restrict gene flow (Peterson & Heaney 1993; Worthington Wilmer 
et al. 1999; Juste et al. 2000). Island species are a good example of this, and Juste et al. 
(2000) identified genetic differentiation among E. helvum populations in the Gulf of 
Guinea islands using allozymes. In fact, Annobón’s geographic isolation has resulted in 
sufficient morphological changes and genetic differentiation for designation of a separate 
subspecies, E. helvum annobónensis (Juste et al. 2000). These findings are concordant with 
other species in the Gulf of Guinea islands, including other bats (Juste 1996), birds (Melo 
& O'Ryan 2007; Melo & Fuchs 2008; Melo et al. 2011), and reptiles (Jesus et al. 2005; 
2009). 
Gene flow estimates can also vary according to the type of marker used, and the social or 
mating system for the species being studied. In species exhibiting female philopatry (the 
tendency of a female to remain in or return to the natal territory), nuclear DNA may show 
a lack of genetic structure, yet strong population structure is frequently observed in 
mitochondrial DNA (mtDNA) due to its maternal inheritance (Petit & Mayer 2000; 
Weyandt et al. 2005; Kerth 2008). The only reported example of strong population 
structure in both mtDNA and nuclear DNA markers in a migratory bat species is in the 
Natal long-fingered bat (Miniopterus natalensis), where both male and female philopatry 
resulted in concordance of nuclear and mtDNA findings (Miller-Butterworth et al. 2005). 
This and other studies (Ross et al. 1999; Flanders et al. 2009) have illustrated the crucial 
importance of utilising a combination of markers in inferring population structure. 
Individual gene genealogies may each present a different ‘version’ of a species’ 
evolutionary history due to the effects of incomplete lineage sorting, mode of inheritance, 
and mutation and selection processes (Hillis et al. 1996; Ross et al. 1999; Sunnucks 2000). 




specifically the geographic and temporal scale upon which the structure is being defined. 
Analysis of mtDNA allows inference of maternal lineages, more ancient population 
processes and phylogeographic variation, whereas analysis of hyper-variable nuclear 
markers (e.g. microsatellites) allows estimation of contemporary gene diversity, gene flow 
and population structure (Avise 2000; Lowe et al. 2004). Therefore, the best representation 
of the true connectivity and genetic structure of populations is obtained using a 
combination of markers of different types and evolutionary rates (Hillis et al. 1996; 
Sunnucks 2000). 
 
Phylogenetic analyses of populations 
The time scale being considered also affects the appropriate analysis of genetic data. 
Traditional phylogenetic methods assume hierarchical relationships between samples, as is 
the case in interspecific comparisons, because species are the result of isolation, 
divergence and evolution over long time scales, leading to fixation of alleles (Posada & 
Crandall 2001). However many of the assumptions of these methods are violated when 
considering intraspecific relationships (e.g. persistence of ancestral haplotypes, 
multifurcations and reticulations). Network methods allow for these population-level 
phenomena and are, therefore, generally accepted to be more appropriate for analysis of 
sequence and haplotype data from intraspecific studies than traditional bifurcating 
phylogenetic trees (Hillis et al. 1996; Posada & Crandall 2001).  
Several methods for constructing haplotype networks exist, and the network structure 
inferred may vary considerably based on the method used (Cassens et al. 2005). 
Reticulations in the network may be observed, for example, as a result of hybridisation 
between lineages or homoplasy (parallel, convergent or reverse mutations resulting in the 
existence of a common character or mutational state between two individuals that is not the 
result of common history). A review of network construction approaches identified 
potential weaknesses and sources of error in the most commonly used methods, and 
advised users to compare the output from at least two methods to check for ambiguous 
results (Cassens et al. 2005). Here, median joining networks (MJN) and statistical 
parsimony networks are compared. 
The MJN method (Foulds et al. 1979; Bandelt et al. 1999) is based on the initial 
construction of minimum spanning trees (MST) using an algorithm (Kruskal 1956) that 
connects all haplotypes into a single tree in a way that minimises the total length of all 
branches (based on a matrix of pairwise distances among haplotypes). Superimposing 




(Excoffier & Smouse 1994), yet high levels of reticulation within such networks are 
common. To address these reticulations and reduce the overall length of the network, the 
MJN method inserts ‘unsampled’ consensus sequences (i.e. median vectors) within the 
network, according to parsimony criterion.  
An alternative network method based on the statistical parsimony algorithm exists 
(Templeton et al. 1992), and emphasises similarities among haplotypes rather than 
differences (Posada & Crandall 2001). The method first estimates the maximum number of 
single substitutions among pairs of haplotypes, within a certain parsimony limit (typically 
95% statistical confidence). Haplotypes are then joined into networks in a stepwise 
fashion, starting with haplotypes with the least number of differences between them and 
continuing until all haplotypes are included, or the statistical parsimony level is reached. 
Finally, while networks are more widely used in population genetic studies, some authors 
still advocate the use of traditional phylogenetic methods (Salzburger et al. 2011), and 
comparisons between the two can be informative.  
 
Coalescent theory and the demographic history of populations 
In addition to revealing current structure and gene flow, allele frequencies can also provide 
an insight into a population’s demographic history. In panmictic populations of constant 
size, expectations exist on the neutral evolution and subsequent sequence variability of 
non-recombining DNA (Kimura 1968). Deviations from this neutral theory of evolution 
indicate violation of the underlying assumptions due to directional selection, or 
demographic change. Where cytochrome b (cytb) mtDNA and microsatellite genetic 
markers are assumed not to be under selection, departures from neutrality are therefore 
expected to be reflective of the demographic history of the populations. The assumption of 
neutrality is generally accepted for non-coding DNA (i.e. including microsatellites (Väli et 
al. 2008)), however should be tested when using protein-coding sequences such as cytb 
(Nabholz et al. 2008). One method for testing neutrality is to calculate the ratio of the 
number of non-synonymous substitutions per non-synonymous site (Ka or dN) to the 
number of synonymous substitutions per synonymous site (Ks or dS). A ratio of Ka/Ks of 
approximately 1 is taken as being indicative of neutrality, while ratios significantly greater 
or less than one indicate selection promoting (positive), or restricting (purifying) changes 
in protein sequences, respectively (Kimura 1977). The theory surrounding the calculation 
of Ka/Ks ratios is based on fixed substitutions present in divergent species. Recent work has 




selection pressure (Kryazhimskiy & Plotkin 2008). At the population level, observation of 
Ka/Ks <1 was found to be consistent with either weak purifying or strong positive selection. 
 
Under the assumption of neutral markers, deviations from expectations in three classes of 
neutrality statistics are therefore assumed to be as a result of demographic changes in the 
population, such as expansion or bottleneck.  
Class I statistics, including Tajima’s D (Tajima 1989) and Fu and Li’s D* and F* (Fu & Li 
1993), are based on the frequency distribution of mutations among individuals. An excess 
of recent mutations, as expected in an expanding population, is reflected by an excess of 
singleton or low-frequency alleles, and large negative values for these statistics. Also in 
this class is Ramos-Onsins and Rozas’ R2 statistic (Ramos-Onsins & Rozas 2002), which 
assesses the difference between the number of singleton mutations and the average number 
of nucleotide differences, and gives low positive values under population expansion. 
Finally, large positive values are expected under expansion for von Haeseler et al.’s 
expansion coefficient (S/d) (Haeseler & Sajantila 1996), which examines the ratio of 
variable positions to mean pairwise sequence differences. 
Class II statistics such as Fu’s Fs (Fu 1997), are based on linkage disequilibrium (LD) and 
haplotype distribution, and are therefore strongly affected by recombination (Ramírez-
Soriano et al. 2008). Fu’s Fs is expected to have low values under population expansion as 
a result of an excess of singleton mutations. Fu’s Fs is more powerful for detecting 
signatures of population expansion (Ramos-Onsins & Rozas 2002) or selective sweep 
(genetic hitchhiking) than the Class I statistics, so comparison among results can aid 
distinguishing between these signatures and directional selection (Fu 1997). For example, 
significant values for Fu’s D* and F* but not Fs are suggestive of background selection.  
Class III statistics are based on differences between frequency distributions of the observed 
number of pairwise differences between haplotypes, that is, mismatch distributions. 
Although mismatch distributions and associated statistics are less powerful than Class I 
and II statistics in detecting population expansion (Ramos-Onsins & Rozas 2002), they can 
still be helpful in characterising expansions detected by other methods.  
Mismatch distributions can be compared to expected distributions under both demographic 
(Rogers & Harpending 1992) and spatial (Excoffier 2004) expansion models. By 
examining the ‘raggedness index’, which describes the smoothness of the distributions, and 
the goodness-of-fit of the distributions to that expected under a model of population 
expansion, it is possible to distinguish populations that have undergone recent expansions 




Rogers & Harpending 1992; Harpending 1993; 1994). Growing populations tend to have a 
smooth, unimodal mismatch distribution, with a raggedness index of less than 0.03, and 
stable populations tend to have erratic or multimodal distributions with a raggedness index 
of greater than 0.03 (Harpending 1993). The signature left behind by a spatially expanded 
population can be very similar to a demographically expanded population (i.e. unimodal 
mismatch distribution), but only if gene flow is high (Ray et al. 2003; Excoffier 2004; 
Excoffier et al. 2009). When gene flow is low, a bi- or multi-modal distribution is 
observed. In populations that have undergone recent expansion, the mode of the frequency 
distribution (τ, tau) is reflective of the timing of the expansion, and was used to calculate 
the expansion time in generations (t) using τ =2ut. Here, u is the mutation rate generation-1 
for the whole sequence under study, and u=µk, where µ is the substitution rate site-1 million 
years-1 and k is the sequence length.  
Cytb substitution rates are often cited in the range of 1 − 4 x 10-8 substitutions site-1 year-1  
(Brown et al. 1979; 1982; Hulva et al. 2004; Russell et al. 2008; Chen et al. 2010), 
however, variation in rates of molecular evolution across time scales has been observed 
depending on the method used to estimate them. This topic was recently reviewed (Ho et 
al. 2011). Rates calculated over a small number of generations approximate the 
spontaneous mutation rate, which includes transient mutations that may not survive over 
longer time scales due to selection. Persistence of neutral ancestral polymorphisms and 
large effective population sizes also contribute to elevated short term evolutionary rates 
(Peterson & Masel 2009). Conversely, long-term rates, calculated over millions of years 
using fossil calibration for example, include only those mutations that become fixed (i.e. 
substitutions) and are often orders of magnitude lower (Pesole et al. 1999). Little data exist 
to ascertain mutation/substitution rates at intermediate time scales (i.e. in the order of 
hundreds and thousands of years), which would be most valuable for population genetic 
studies. High intragenomic variation in mammalian mtDNA substitution rates has also 
been identified, with synonymous and non-synonymous substitution rates averaging 27.4 x 
10-9 changes site-1 yr-1 and 1.8 x 10-9 changes site-1 yr-1 , respectively across a variety of 
mammalian orders (Pesole et al. 1999).  
 
Use of genealogy sampling methods to determine island divergence time, population 
sizes and migration rates 
Investigation into the demographic history of populations has advanced considerably since 
the application of coalescent genealogy sampling methods (Kuhner 2009). Coalescent 




ancestor in a population sample”, is based on expectations of neutral evolution of gene 
trees in a population of constant size (Kuhner 2009). Estimation of population sizes, 
divergence times and gene flow can be inferred by assessing the genealogical relationships 
among samples within a population, in particular the time to coalescence (the number of 
generations into the past that two samples shared a common ancestor). More recently, it 
has become possible to account for more complex demographic histories, including factors 
such as population growth, population subdivision, genetic recombination and natural 
selection in coalescent genealogy samplers. While fundamental limitations in the ability of 
some of these methods to precisely estimate the timing of demographic events have 
recently been detected, estimation of other demographic parameters still appears valid 
(Strasburg & Rieseberg 2011; Sousa et al. 2011). 
The relative contributions of isolation and gene flow (migration) to observed levels of 
population divergence can be explored using an isolation-with-migration model, as 
implemented in the programs IM (Hey & Nielsen 2004), IMa (Hey & Nielsen 2007) and 
IMa2 (Hey 2010). Although these programs are based on the same model and implement 
Markov chain Monte Carlo (MCMC) simulations of gene genealogies, IMa and IMa2 use a 
different approach to IM to generate posterior probability distributions for population 
demographic parameters (Hey & Nielsen 2007). While IM and IMa only allow analyses 
between pairs of populations, simultaneous analysis of migration among multiple 
populations is possible with IMa2, assuming constant population size in each population 
(Hey 2010). IM assumes two populations split from an ancestral population according to 
the split parameter (s, the proportion of the ancestral population that founded the 
descendant population 1 (0 < s < 1)) and allows subsequent population size changes (Hey 
2005). This is valuable where expanding or contracting populations are expected, and in 
island colonisation scenarios, to infer which population is ancestral. For example, this 
approach was used by Russell et al. (2008) to identify multiple, unidirectional dispersals of 
an African-Malagasy bat genus from mainland Africa to Madagascar during the late 
Pleistocene, and by Weyeneth et al. (2011) to identify initial wind-assisted colonization of 
Miniopterus bats from Madagascar to islands in the Comoro Archipelago, and assess 
subsequent gene flow between islands. 
Several genealogy-sampler programs are available and the assumptions of each should be 
taken into account in choosing the most appropriate method and in interpreting results. For 
example, where populations are likely to have diverged recently (in the past 4N 
generations), the methods used by the IM or IMa software have been recommended over 




More recently, Approximate Bayesian Computation (ABC) methods have been developed 
and provide a new, highly flexible and powerful approach to infer the evolutionary history 
of populations (Lopes & Beaumont 2010). ABC analyses allow testing support for 
competing hypothesis of demographic history in a real dataset, based on a large number of 
datasets simulated according to a defined demographic model (detailed steps are provided 
in Bertorelle et al. 2010). Similarity between the datasets is assessed using summary 
statistics rather than a likelihood criterion, which considerably reduces the computational 
demands, and therefore allows more complex scenarios in large datasets to be investigated 
(Beaumont et al. 2002). Additionally, the bias and precision of estimates from competing 
hypotheses can easily be assessed (Cornuet et al. 2010). 
With these strengths, the ABC approach is suitable for analyses across a broad range of 
disciplines. In population genetics, the types of scenarios capable of being explored 
include population divergence and merging events (Hickerson & Meyer 2008), changes in 
effective population size over time (Lopes & Boessenkool 2009), and various colonisation 
histories of islands or peninsulas (Leache et al. 2007). The ABC approach therefore is 
especially valuable where no prior information is available to favour one hypothesis over 
another; such is the case for the colonisation of E. helvum on the volcanic islands in the 
Gulf of Guinea. No published studies that have used this approach in bats were identified. 
 
Application of established and novel methods to investigate the genetic 
metapopulation structure and demographic history of Eidolon helvum 
The study presented here is novel, not only in its scale of sampling, but also in the 
application of both traditional and modern coalescent and approximate computational 
methods. Based on findings from population genetic analyses in other widespread 
migrating fruit bats and current knowledge on E. helvum migration routes, it was expected 
that low levels of differentiation would be observed across the continental range. 
Continent-wide panmixia of this scale has not been observed before and it was 
hypothesised that greater genetic differentiation might be observed on an east-west axis 
than on a north-south axis, and that at least weak isolation by distance would exist across 
the vast continental range. While no prior studies have investigated the genetic population 
of E. helvum among mainland populations, Juste et al. (2000) identified genetic 
differentiation among isolated island haplotypes. It was expected that this would be 
supported with mtDNA and microsatellite markers, and it was hypothesised that genetic 




In the last 10 years, research in population genetics has advanced dramatically as a result 
of the ability to obtain large amounts of genetic data rapidly, advances in theoretical 
models incorporating coalescence, and in software applications to bring the data and theory 
together to solve real-world species and population histories. Computing power can still be 
a limitation, and analyses can take weeks or months.  
The value of using population genetic methods to inform epidemiological studies has been 
demonstrated in species that demonstrate genetic structuring as a result of geographic 
barriers to dispersal (e.g. racoons and rabies, Cullingham et al. 2009) or limited dispersal 
due to high population density (e.g. badgers and tuberculosis, Pope et al. 2007). Even in 
highly structured populations, however, host and pathogen structure are not always 
geographically aligned (Lee et al. 2012). The latter study indicates that, at least across 
small geographical scales, transient movements resulting in pathogen transmission may be 
more frequent in movements that result in gene flow. While the potential for genetic 
analyses to provide information on the long-range transmission of zoonotic viruses has 
been recognised (e.g. with wildfowl and avian influenza A virus (Winker et al. 2007), or in 
vector species with high gene flow (Venkatesan & Rasgon 2010; Pili et al. 2010)), this area 
is yet to be fully explored to its full potential (Biek & Real 2010). 
 
The primary goals of the study presented here were to infer the genetic metapopulation 
structure and evolutionary history of E. helvum across continental Africa and the Gulf of 
Guinea islands using mitochondrial DNA (mtDNA) sequencing and microsatellite 
genotyping. Specifically, the following questions were addressed:  
(1) What are the patterns of genetic structure across the species range, and can they be 
related to migratory routes?  
(2) Are geographically isolated populations of E. helvum in the Gulf of Guinea islands 
connected to other populations via gene flow, or also genetically isolated? If so, is this 
gene flow symmetrical?  
(3) What insights can we gain into the demographic history of E. helvum in Africa, and 





4.2.1 Sample collection 
E. helvum genetic samples were collected from bats in geographically dispersed 
populations from across the species range (Figure 4.1, described fully in Chapter 2), and 
spanned an east-west and north-south axis. E. helvum is a highly conspicuous species, as a 
result of its tendency to roost in large colonies in urban areas. While it is therefore 
expected that the majority of the very large E. helvum colonies are ‘known’, and the 
colonies sampled here are representative, due to the vast species distribution and limited 
records, the true proportion that the sampled colonies make up of the total population is 
unclear. 
 
Figure 4.1 Map showing location of E. helvum sampling locations for genetic analyses. 




4.2.2 Laboratory methods 
4.2.2.1 DNA extraction 
Genomic DNA was extracted (using a DNeasy Blood and Tissue Kit (QIAGEN Ltd., UK)) 
from wing membrane biopsies (4 mm), liver or muscle samples from E. helvum bats from 
12 locations across Africa. This included eight continental locations, and the four islands in 
the Gulf of Guinea. DNA was also obtained from one E. dupreanum bat from Madagascar 
(supplied by the Institut Pasteur de Madagascar) extracted using a standard phenol-
chloroform method. DNA was quantified using Quant-iT PicoGreen dsDNA kits 
(Molecular probes, UK), and later using a Nanodrop ND-1000 Spectrophotometer 
(Thermo Fisher Scientific, UK) and diluted to a standard concentration.  
4.2.2.2 Mitochondrial DNA (mtDNA) amplification and sequence analysis 
4.2.2.2.1 Cytochrome b 
Fragments of the mitochondrial DNA cytochrome b (cytb) gene were amplified from 
continental samples by polymerase chain reaction (PCR) using generic primers L14722 
(5’-CGA AGC TTG ATA TGA AAA ACC ATC GTT G) (Juste et al. 1999) and H15149 
(5’- AAA CTG CAG CCC CTC AGA ATG ATA TTT GTC CTC A) (Kocher et al. 1989). 
PCRs were performed in 20µl reactions, containing 0.1–1ng template DNA, 0.2µM of each 
primer, 0.25mM of each dNTP, 1.5mM MgCl2, 0.25µl of Taq polymerase (Invitrogen, 
Paisley, UK), and 0.2µl Invitrogen’s 10X reaction buffer. Amplification was performed in 
a Hybaid Touchdown Thermocycler (Hybaid Ltd., UK) with the following conditions: 5 
min at 94˚C; 40 cycles of 1 min at 93˚C, 1 min at 54˚C, and 2 min at 72˚C; then 7 min at 
72˚C.  
Although successful with continental samples (8 % PCR failure), amplification of the cytb 
fragment in samples from the Gulf of Guinea using the generic primers above had a much 
higher failure rate (48 % PCR failure). New primers were designed using the sequences of 
successfully amplified continental and island samples as a template. While PCRs with 
optimally selected primers were highly efficient, the resultant product was much shorter 
(309 bp compared to 430 bp) and omitted highly variable regions. As an alternative, the 
original primers were shortened at the 5’ end of the forward primer and both ends of the 
reverse primer, reducing the product to 425 bp: EhM2814 (5’-GCT TGA TAT GAA AAA 
CCA TCG TTG) and EhM2815 (5’-CAG CCC CTC AGA ATG ATA TTT GT). 
Amplification with these primers was most successful using Microzone MegaMix-Gold 




containing 2ng template DNA, 0.25µM of each primer, and 10µl MegaMix-Gold, using the 
following conditions: 5 min at 95˚C; then 33 cycles of 30 sec at 95˚C, 30 sec at 53˚C, and 
45 sec at 72˚C.  
The majority of continental samples (170/228), and ~ 10% samples from the Gulf of 
Guinea (n =41/380) were amplified using primers H15149 and L14722. The majority of 
island samples and mother-offspring pairs (i.e. the remaining continental samples) were 
amplified using primers EhM2814 and EhM2815. With the new primers, no PCR failures 
were observed (from 382 PCRs) and since no differences were detected in 38 samples 
sequenced using both primers, these data were combined. 
PCR products were checked by gel electrophoresis on 1% agarose gels, run at 100V for 45 
min with a 10-band 100bp – 1013bp size standard (HyperLadder IV, Bioline, UK). PCR 
products were purified using Exosap-IT clean-up (USB Europe, Germany) and sequenced 
in both directions on an ABI 3730xl DNA Analyser, (Applied Biosystems). Paired 
sequences were edited and aligned using the STADEN Package v1.6 (Staden et al. 2003). 
Multiple sequence alignment was performed using default settings in T-COFFEE 
(Notredame et al. 2000). Sequences were checked manually and trimmed to a standard 
length (397 bp) in JALVIEW v2 (Waterhouse et al. 2009).  
 
 
Figure 4.2 Electrophoresis gel showing cytochrome b fragment amplification using different 
PCR reagents. A 10-band 100bp – 1013bp size standard is shown in the centre. To the left 
are cytb PCR products amplified using standard Microzone Mega-Mix reagent and to the 
right are products amplified using Microzone Mega-Mix-Gold reagent. PCR and 
electrophoresis conditions are detailed in the text. 
4.2.2.2.2 Control region (d-loop) 
Fragments of the mitochondrial DNA control region (d-loop) were amplified by PCR using 
the primers P (L, 5'-TCC TAC CAT CAG CAC CCA AAG C) and E (H, 5'-CCT GAA 




reactions as described for cytb PCRs, with the following conditions: 5 min at 94˚C; 40 
cycles of 1 min at 95 ˚C, 90 sec at 55 ˚C, and 2 min at 72 ˚C; then 7 min at 72 ˚C.  
PCR products were checked, purified, sequenced and aligned as described for cytb 
products. In some samples, PCR amplification with the d-loop primers produced double 
bands (Figure 4.3), with one band corresponding to the expected fragment length (~400 
bp), and another longer band (~900 bp). Sequencing quality for the shorter band appeared 
to be adequate even when the second band was present. The presence of double bands 
appeared to increase when a higher concentration of template DNA was used in PCRs. Gel 
extraction was attempted, but was unsuccessful and not pursued.  
 
Figure 4.3 Electrophoresis gel showing d-loop PCR products with double bands. A 10-band 
100bp – 1013bp size standard is shown to the left. The lower band corresponded to the 
expected fragment length (~400 bp). 
 
4.2.2.3 Microsatellite amplification and genotyping 
Twenty microsatellite markers were developed from E. helvum genomic DNA as 
previously described (Chapter 3). From these, Loci E and Ae were discarded due to 
difficulty in scoring or high error rates. Genotyping data from locus Ag were re-binned and 
re-scored, correcting earlier issues with allelic dropout. In total, 170 continental and 385 
island samples were run as multiplex PCRs (Type-it Multiplex PCR Master Mix, QIAGEN 
Ltd.) at 18 loci (TSY, FWB, MNQX, AgPK, AcAfAi, AdAh). Positive and negative 
controls were included on each plate and PCRs were performed under the following 
conditions: 5 min at 94°C; 30 cycles of 30 s at 95°C, 90 s at 57°C, and 30 s at 72°C; then 
30 s at 60°C. Genotyping was performed by capillary electrophoresis using a Beckman 
CEQ 8000. Allele sizes were scored automatically prior to manual verification. 
 
4.2.2.4 Assessment of error 
Errors may be introduced into final results through human error, use of poor quality 




genotyping or sequencing output in final analyses. Recommendations for minimisation and 
assessment of errors that may occur during the sampling, DNA extraction, amplification, 
sequencing, genotyping and data analysis processes were followed where possible (Bonin 
et al. 2004) (Appendix 4.1).  
Error rates for cytb analyses were assessed by replicate extractions (performed on 2.4% of 
samples), replicate PCR and sequencing reactions (performed on 8-14% of extracted 
samples), and by inclusion of positive and negative controls for all extractions and PCRs. 
Background PCR and sequencing error rates of the new E. helvum cytb primers EhM2814 
and EhM2815 were assessed by running 70 replicates of a single sample. PCR and 
sequencing error rates were calculated at the base-pair level. 
Methods used to assess genotyping error rates are presented in Chapter 3. Additionally, 
since Locus M displayed extremely low polymorphism (99.1% of individuals were 
homozygous for a particular allele), this locus was included in all PCR plates as a positive 
control and to determine inter-assay variability in allele fragment length. 
 
4.2.3 Data Analysis  
4.2.3.1 Sample statistics 
Across 12 sampling regions, mtDNA analyses were conducted on a cytb fragment length 
of 397 bp from 608 individuals and on a d-loop fragment of 381 bp from 184 individuals. 
Microsatellite analyses were performed on genotype data from 555 individuals using 17 
loci (Table 4.1). Analyses were repeated after removing data from individuals which were 
known or suspected offspring of other individuals within the dataset (i.e. non-
independent), leaving 544 samples (cytb), 184 samples (d-loop), and 502 samples 
(microsatellites). Population grouping abbreviations which will be used throughout this 
text are listed below and shown in Figure 4.4: 
CT: all continental populations 
CB: all continental populations plus Bioko 
IS: all four island populations 
iIS: three isolated island populations (São Tomé, Príncipe and Annobón) 






Table 4.1 Number of samples from each population included in genetic analyses (including 
and excluding offspring), and the population abbreviations used throughout the text. 
ID POPULATION NAME 
NUMBER OF SAMPLES IN ANALYSES 
Including offspring Excluding offspring 
MtDNA Msat MtDNA D-loop Msat 
GH Ghana 73 21 64 35 20 
DR DRC 21 21 21 20 21 
KE Kenya 20 20 20 20 20 
ZA Zambia 21 20 21 20 20 
MA Malawi 30 23 18 16 18 
TZ Tanzania 46 49 34 15 33 
UG Uganda 7 7 7 10 7 
RM Rio Muni 10 9 10 10 9 
BI Bioko 108 110 102 6 104 
PR Príncipe 71 76 70 10 75 
ST São Tomé 118 115 94 13 91 
AN Annobón 83 84 83 9 84 
CT Continental 228 170 195 146 148 
CB Continental + BI 336 280 297 152 252 
IS Islands (BI, PR, ST, AN) 380 385 349 38 354 
iIS Isolated Islands (PR, ST, AN) 272 275 247 32 250 




Figure 4.4 Demonstration of regional population groupings used in genetic analyses, 
including all continental populations (CT), all continental populations plus Bioko (CB), all 
four island populations (IS), three isolated island populations (São Tomé, Príncipe and 
Annobón) (iIS), and São Tomé and Príncipe (STP). 
 
The statistical power of the mtDNA and microsatellite datasets to reject a null hypothesis 
of genetic homogeneity was assessed using the software POWSIM (Ryman & Palm 2006). 
Values from the empirical datasets (number of populations, population sample sizes, 
number of loci and allele frequencies) were used to simulate 1,000 random sets of 12 
subpopulations with expected FST values of 0.001 − 0.01. Since mtDNA is haploid, the 




A number of assumptions were made when undertaking the analyses described below, 
including neutrality of cytb and microsatellite markers (see Nabholz et al. 2008; Väli et al. 
2008), a molecular clock rate, and constant migration rates over time. The potential 
implication of violations of these assumptions on observed results are assessed in more 
detail in the discussion. 
 
4.2.3.2 Cytochrome b mtDNA analyses 
4.2.3.2.1 Genetic diversity 
The level of genetic diversity in each population and each region was assessed. Descriptive 
parameters of genetic diversity, including the number of haplotypes (nh), haplotype 
diversity (h), nucleotide diversity (π), polymorphic sites, the mean number of pairwise 
differences, and molecular diversity estimated from the number of polymorphic sites (θs) 
(Watterson 1975), were calculated in the software DnaSP v5.10 (Librado & Rozas 2009). 
Rarefaction down to the minimum sample size was used to calculate haplotypic richness 
(HR, a measure of diversity standardised across population sample sizes) using the 
software RAREFAC (Petit et al. 2008).  
An indication of selective pressure on the cytb gene was obtained by calculating the 
number of non-synonymous (Ka) and synonymous (Ks) substitutions, and the Ka/Ks ratio 
using the SeqinR package in R (Charif & Lobry 2007). 
4.2.3.2.2 Population structure 
Methods to assess population structure and restrictions to gene flow are fundamental to 
population genetic analyses, and multiple alternatives are available. Here, differentiation 
among populations was assessed using pairwise, hierarchical and spatial comparisons.  
Pairwise exact tests of population differentiation (Raymond & Rousset 1995), the method 
of choice to identify genetic subdivision between pairs of populations (pairwise ΦST) using 
a single locus (Ryman et al. 2006), were performed with 10,000 steps in the Markov 
Chain, 10,000 dememorisation steps and 10,000 randomisations in permutation tests. 
Significance values were adjusted for multiple comparisons using the false discovery rate 
method (FDR, the expected proportion of tests in which the null hypothesis is falsely 
rejected) (Benjamini et al. 2001).  
The presence of hierarchical population structuring among populations was assessed using 
analysis of molecular variance (AMOVA) (Excoffier et al. 1992). Initial analyses assessed 




population (ΦST). Based on initial results from pairwise ΦST analyses, genetic variation 
within and among various groupings was explored, including analysing island and 
continental populations as separate datasets, and with samples grouped into two, three or 
four regional groups. Degree of differentiation is presented as that within populations 
(ΦCT), among populations within regions (ΦSC) and among all populations (ΦST). 
Significance levels for each value were obtained with 10,000 permutations. Exact tests and 
AMOVAs were performed using the software ARLEQUIN v3.5 (Excoffier & Lischer 
2010). Φ’ST values for cytb sequence data (recoded as haploid allelic data with four 
possible allelic states per position) were calculated using GENODIVE v2.0b21 (Meirmans 
& van Tienderen 2004). A spatial AMOVA, aimed at identifying the optimal number and 
spatial location of genetically homogenous and maximally differentiated clusters, was 
implemented in the software SAMOVA (Dupanloup et al. 2002). 
Data were tested for presence of isolation by distance (IBD), characterised by a gradual, 
regular increase in genetic differentiation as geographical distance increases. IBD was 
assessed by regressing natural logarithm-transformed geographical distances between 
sampling sites (in kilometres) against Slatkin’s linearised ΦST (ΦST/(1-ΦST) (Rousset 1997). 
Statistical significance was assessed using a Mantel test with 10,000 permutations as 
implemented in ARLEQUIN. 
 
4.2.3.2.3 Phylogenetic analyses 
Phylogenetic relationships among individuals were assessed and presented using both 
haplotype networks and traditional tree-like phylogenies. 
Since inferred haplotype networks can vary according to the method used, here, two 
methods were compared. Median joining networks (MJNs) for cytb and d-loop data were 
constructed in the software NETWORK Version 4.6 (www.fluxus-engineering.com, 
Bandelt et al. 1999). Processing of MJNs was performed in NETWORK PUBLISHER 
Version 1.3.0.0 (Fluxus engineering). NETWORK allows the user to attempt to resolve 
any reticulations by changing the weighting of particular sites (for example, allowing 
increased weighting for highly informative sites, or decreased weighting for hypervariable 
sites). Here, the weightings of 14 hypervariable sites were reduced from the default value 
of 10 to a value of 1–7 (Appendix 4.2), resulting in a network with fewer reticulations. 
Statistical parsimony networks were constructed using TCS (Clement et al. 2000), with a 
95% parsimony connection limit. 
A phylogeny of unique cytb haplotypes was reconstructed by Bayesian inference in 




using the E. dupreanum cytb sequence as an outgroup. The most appropriate substitution 
model (GTR + I) (Tavaré 1986) was selected using PAUP* v4.0b10 (Swofford 2001) and 
MODELTEST v3.7 (Posada & Crandall 1998; Crandall et al. 1999). MRBAYES was run 
with 4 simultaneous chains, sampled every 100 generations, and the first 25% of trees were 
discarded as burn-in. Generations were added until the standard deviation of split 
frequencies was below 0.015 (10 x106 generations). The output file was displayed and 
formatted using FIGTREE v1.3.1 (Rambaut 2009). 
The same procedure was followed to assess the timescale of E. helvum and E. dupreanum 
divergence against previously derived phylogenies, using cytb sequences from E. helvum 
(consensus sequence, Haplotype #2), E. dupreanum, and 42 other fruit bat species from the 
Pteropodinae subfamily, obtained from GenBank (Appendix 4.3). 
 
4.2.3.2.4 Demographic analyses 
The demographic history of E. helvum populations, including the existence and timing of 
population divergence events, the size of current and ancestral populations, and current and 
historical patterns of gene flow were explored using two types of analyses, both based on 
the neutral theory of evolution. The first involves the use of three classes of statistical tests 
to detect population growth and expansion by assuming these population changes are the 
reasons for detected departures from neutrality (Ramos-Onsins & Rozas 2002). The second 
involves the use of coalescent genealogy samplers. 
 
Neutrality statistics to detect population growth 
Class I (Tajima’s D, Fu and Li’s D* and F* , Ramos-Onsins and Rozas’ R2 statistic, and 
von Haeseler et al.’s expansion coefficient (S/d)) and Class II (Fu’s Fs) statistics were 
calculated for cytb and d-loop sequences using DnaSP v5.10.01 (Librado & Rozas 2009). 
Mismatch distributions (Class III statistic) were generated in ARLEQUIN and compared to 
expected distributions under both demographic (Rogers & Harpending 1992) and spatial 
(Excoffier 2004) models.   
To enable estimation of the timing of demographic events, two methods were used to 
estimate an overall substitution rate for the E. helvum cytb fragment. Firstly, mammalian 
synonymous and non-synonymous substitution rates calculated by Pesole et al. (1999), 
were weighted according to the relative proportion of synonymous and non-synonymous 
sites in the cytb fragment (as calculated in DnaSP). Secondly, mother-offspring pairs were 




estimates of short-term mutation rates. These two rate estimates were compared with a 
commonly used mutation rate of 2% million years-1 (following other cytb studies, e.g. 
Chen et al. 2010).  
Although many studies use the age at which individuals first reproduce as the species 
generation time, for coalescent analyses it is more appropriately calculated as the mean age 
of parents across all offspring (Russell et al. 2011). From tooth ring analyses in Chapter 2, 
the mean age of pregnant and lactating female E. helvum was 3.9 years (n = 79), which 
was used as the generation time in this study.  
 
Use of coalescent genealogy methods to determine island divergence time, population 
sizes and migration rates 
Coalescent genealogy samplers provide greater flexibility to investigate complex 
demographic histories than summary statistics such as FST (Kuhner 2009). Here, the 
relative contributions of isolation and gene flow (migration) on observed levels of 
population divergence were estimated using an isolation-with-migration model in IM and 
IMa2 (Hey & Nielsen 2004; Hey 2010). The split parameter was estimated in IM to infer 
the direction of colonisation for each for pairwise island-island and island-continent 
comparison (Hey 2005; Russell et al. 2008; Weyeneth et al. 2011). Pairwise analyses were 
also performed in IMa2. Once priors had been optimised, analyses were run until 
stationarity was reached (i.e. burn-in), which took ~2–3 months and 1.7 – 46 million steps, 
depending on sample size, before genealogy sampling commenced. Genealogy information 
was saved every 100 steps, and sampling was continued until ~100,000 genealogies were 
available for each pairwise comparison (~ 1 month, depending on sample size). Multiple 
runs for each analysis were performed to assess consistency between runs, and were then 
combined using the L mode function to make model comparisons. Demographic 
parameters were calculated using a cytb substitution rate of 2% site-1 million years-1. 
IM and IMa2 were run using CamGrid, the Cambridge Condor-based clustered computer 
network. Even so, analyses are exceptionally computationally demanding, and runs can 
take several months to reach convergence. To date, only cytb data has been explored in this 
way, with the intention of incorporating microsatellite data at a later date. Additionally, in 
these analyses a number of assumptions must be made (such as a constant rate of gene 






4.2.3.3 D-loop mitochondrial DNA analyses 
Due to difficulties encountered in d-loop analyses (including PCR double bands and 
extreme diversity in preliminary results), only a proportion of samples were amplified at 
this locus. Genetic diversity, population structure, haplotype networks and neutrality 
analyses were performed as described for cytb. The identity of sequences obtained from 
the ‘double-band’ PCR products was investigated using BLASTn, tBLASTx and BLASTx 
database searches against the nucleotide collection database. 
 
4.2.3.4 Microsatellite Analyses 
4.2.3.4.1 Testing for deviations from Hardy-Weinberg and Linkage Equilibrium 
Many of the analyses below assume Hardy-Weinberg type populations in drift-flow 
equilibrium, and that markers are independent. The presence of non-random associations 
of alleles among loci (linkage disequilibrium, LD) was therefore tested using the genotypic 
LD test implemented in GENEPOP version 4.0.10 (Rousset 2008), and each locus was 
tested for evidence of departure from HWE using FSTAT 2.9 (Goudet 1995). To account 
for multiple testing, the FDR (Benjamini 1995) was estimated using the p.adjust function 
in R (R Development Core Team 2012), and significance levels were adjusted accordingly.  
4.2.3.4.2 Descriptive statistics 
Genetic diversity for each population and region was assessed by calculating observed 
heterozygosity (HO), expected heterozygosity (HE), and average allelic richness (RS) in 
FSTAT. RS is a measure of the average number of alleles per locus, corrected for sample 
size using rarefaction. 
4.2.3.4.3 Population structure 
Traditional methods of obtaining information on genetic population structure rely on 
source population membership being defined a priori, before the differences among those 
populations can be examined. Examples include comparison of pairwise FST values (or FST 
analogues), AMOVA and IBD analyses. 
For maximum power in evaluating the significance of microsatellite pairwise FST values 
(Ryman et al. 2006), Fisher’s method was used to combine exact p-values from Fisher’s 
exact test, with 10,000 steps in the Markov Chain, 10,000 dememorisation steps and 
10,000 randomisations in permutation tests, as implemented in ARLEQUIN. AMOVA and 




FST (or in fact, GST, the analogue of FST for multiallelic loci) has been found to poorly 
represent genetic differentiation when within-population diversity is high (as is expected 
for microsatellites). Since a consensus has not yet been reached on the most appropriate 
alternative, a range of statistics were explored; Hedrick’s G’ST and Jost’s D were calculated 
using GENODIVE v2.0b21 (Meirmans & van Tienderen 2004)), and Slatkin’s RST and 
pRST based on 10,000 permutations (see below) were calculated in SPAGEDI v1.3 (Hardy 
& Vekemans 2002). 
 
4.2.3.4.4 Bayesian clustering methods 
As an alternative to the traditional methods to assess genetic population structure, newer 
Bayesian methods are available that do not require prior knowledge of population 
membership. The Bayesian approach ignores the sampling location information and 
estimates the most likely number of populations from the distribution of alleles among 
individuals, and assigns individuals to the identified clusters. Software using spatially non-
explicit methods (STRUCTURE v2.3.3, Pritchard et al. 2000) and spatially explicit 
methods (BAPS v5.4 (Corander & Marttinen 2006; Corander et al. 2008a) and TESS v2.3 
(Chen et al. 2007)) are available. All three programs use slightly different underlying 
models, each with various criticisms (reviewed by Guillot et al. 2009), and so a 
comparison of results obtained via more than one model has been recommended by several 
authors (Latch et al. 2006; Guillot et al. 2009). All programs are appropriate for use at low 
levels of population differentiation, however their accuracy declines sharply when FST < 
0.02 (Latch et al. 2006; Chen et al. 2007). TESS performs best in estimating the number of 
clusters, identifying recent migrants and has low rates of misassignment, whereas 
STRUCTURE performs best if high geographical admixture or clinal variation is present 
(Latch et al. 2006; Chen et al. 2007).  
Spatially non-explicit cluster analyses 
Since a high degree of gene flow among populations was expected, the admixture model 
was selected in STRUCTURE and allele frequencies were allowed to be correlated 
between populations (where the number of populations = K). Using a dataset comprising 
the 16 loci in HWE, the program was run 20 times for each value of K (K=1 to 13), with 
each run consisting of 500,000 burn-in iterations followed by 1.5 x 106 iterations. The 
original dataset was then divided into separate continental and island datasets, and 
STRUCTURE analyses were repeated. Symmetric similarity coefficients (SSC) were used 
to assess consistency among replicate runs for each value of K using the Greedy algorithm 




included in further analyses. Individual membership coefficients from replicate runs were 
then visualised graphically using the software DISTRUCT v1.1 (Rosenberg 2004).  
STRUCTURE partitions individuals into clusters in a way that minimises HWE and LD. 
To ensure that some loci not in HWE in the Bioko populations (see results) were not 
affecting the clustering of individuals from this population, STRUCTURE analyses were 
repeated separately with data from loci in or out of HWE. No difference was seen in the 
results, and therefore remaining analyses were run with 16 loci. 
Finally, STRUCTURE also has the capability of estimating whether each individual is 
likely to be a recent immigrant from another cluster, or have an ancestor that is (Pritchard 
et al. 2000). The USEPOPINFO option was implemented to assess admixture from the past 
two generations, using the clustering partition with the optimal mean log likelihood value 
as prior population information. Based on their assignment probability, p, individuals were 
considered non-migrant (p>0.8), admixed (0.2>p>0.8), or a recent migrant (p<0.2) 
(following Vonholdt et al. 2010). 
STRUCTURE and CLUMPP analyses were performed using the CamGrid distributed 
computing resource. 
Spatially explicit cluster analyses 
To identify the optimal number of clusters given the data in BAPS, spatial and non-spatial 
population mixture analyses were performed using the ‘clustering of groups of individuals’ 
option (based on sampling location), which provides additional power to detect underlying 
clusters (Corander & Marttinen 2006). Mixture analyses were run ten times for each value 
of K (K=2 to 12), and the output was utilised for admixture analyses (Corander & 
Marttinen 2006; Corander et al. 2008a). Admixture analyses were also run ten times to 
assess consistency of results, using the following settings: minimum population size = 5, 
1.5 x 106 iterations, reference individuals from each population =10, iterations for 
reference populations = 10,000. Spatial analyses takes the geographical coordinates of the 
sampling location into account, and assumes a biologically relevant distribution of clusters 
over the sampling space (Corander et al. 2008b). Results are expected to be very similar to 
non-spatial analyses when data are sufficiently informative (Corander et al. 2008b). 
The same dataset and spatial coordinates were used for analyses in TESS, with and without 
admixture, with 100 runs for each value of K (K=1 to 9) according to recommended 
settings (each run consisting of 10,000 burn-in iterations followed by 40,000 iterations, and 
a spatial interaction parameter of 0.6). Runs with the smallest deviance information 
criterion (DIC) values for each value of K were retained (20% of runs), and processed with 




4.2.3.5 Combined mitochondrial DNA and microsatellite analyses 
4.2.3.5.1 Approximate Bayesian Computation (ABC) 
So that competing island colonisation scenarios could be explored, microsatellite and 
mtDNA data were combined and analysed using Approximate Bayesian Computation 
(ABC) methods in the software DIYABC v 1.0 (Cornuet et al. 2008). Software to 
implement the ABC methods are rapidly evolving, however, while DIYABC is able to 
account for multiple populations, population divergence, changes in population size over 
time, and is a fully-integrated ABC program, it is unable to account for migration or 
explicitly consider spatial and environmental heterogeneity (Bertorelle et al. 2010). The 
assumption of a single colonisation event rather than ongoing gene flow, or multiple events 
over time, is significant and perhaps unrealistic. However, Bertorelle et al. (2010) 
recommend using a general ABC program such as this initially, before subsequently 
moving onto using more flexible ABC independent simulators, and pipelining output into 
additional programs for the remainder of the ABC analyses, for example, using 
ABCTOOLBOX (Wegmann et al. 2010). 
The ABC approach essentially incorporates three stages, firstly, simulating a large number 
of datasets according to a defined historical and demographic model and its parameters 
(Steps 1–4 below), secondly, selecting those simulated datasets whose summary statistics 
are closest to the summary statistics of the observed dataset (Steps 5–7 below), and finally, 
estimating the posterior distribution of parameters and conducting quality checks on these 
estimations (Steps 8 and 9 below). 
Step 1: Defining models 
Following results from population structure analyses, evolutionary scenarios involving 
four populations (the CB population, and each of the isolated islands) were considered. 
Sixteen possible scenarios of colonisation from the panmictic population to the islands 
were identified (Figure 4.5). Of these, scenarios 1–8 were considered the most biologically 
plausible as they did not involve colonisation events that ‘skipped’ an adjacent island . The 
model incorporates an ancestral population present at the time of initial divergence. 
Starting from this ancestral population, population divergence events involved in each 
scenario were coded in DIYABC (i.e. described using the DIYABC coding language). 
Changes in the order of divergence events and effective population size (Ne) over time 
were incorporated into the scenario coding. It was assumed that each island population 




different to the current Ne, i.e. allowing for a bottleneck to be incorporated into the model. 
The resultant colonisation scenarios compared in DIYABC analyses are shown Figure 4.6.  
Step 2: Incorporating prior information 
Incorporating prior knowledge from previous analyses on population sizes, expansion 
events and timings, uniform prior distributions were specified for the following 
parameters: Ne for each current-day population and its ancestral population, the timing of 
population splits and changes in effective population size, and the mutation and 
recombination rates of the markers used (as shown in the results table). 
Models were based on 16 microsatellite loci and one mtDNA locus of 397 bp in length 
(cytb). Although DIYABC is able to incorporate X and Y-linked loci, unknown errors in 
the data file were repeatedly encountered, and locus B was therefore omitted. The 
generalised stepwise mutation (GSM) model was used for all remaining microsatellite loci 
(Estoup et al. 2002), where mutations occur in multiples of the set repeat unit according to 
a geometric distribution, rather than always as single stepwise units as in the SMM. The 
motif of each locus was specified and the range of contiguous allelic states was set at a 
minimum of 40, but extended up to 70 where required. Each locus has its own parameters 
for mutation rate (µ) and geometric distribution (P), drawn from the default uniform prior 
distributions in DIYABC. The Hasegawa-Kishino-Yano (HKY) model (Hasegawa et al. 
1985) was used for the mtDNA mutation model, and except for giving the locus mutation 
rate the same range of values as the mean (as there is a single locus), the default values 
were used as priors. 
Step 3: Choosing the summary statistics 
The summary statistics selected for microsatellites comprised mean number of alleles (A), 
mean expected heterozygosity (HE, (Nei 1987)), mean allele size variance across loci, the 
mean ratio of the number of alleles to the range in allelic size per population (M, (Garza & 
Williamson 2001)), FST (Weir & Cockerham 1984), and mean assignment likelihood of 
individuals to populations (Rannala & Mountain 1997; Pascual et al. 2007). For mtDNA, 
summary statistics included the number of haplotypes, the number of segregating sites, and 
the mean of pairwise differences, and the means of within-sample and between-sample 
pairwise differences. 
Step 4: Simulating the models 
A reference table was created by simulating one million datasets for each of the eight 




above for each dataset. This was performed using the cluster version of DIYABC on the 
CamGrid distributed computing resource. 
Step 5: Filtering the simulations 
An initial check on the appropriateness of the scenario-prior combinations was performed 
using Principal Component Analysis (PCA) and by assessing whether the summary 
statistics from the observed dataset lay within the ranges of those from simulated datasets.  
The remaining steps (6: Model selection, 7: Quality control in model selection, 8: 
Estimation of parameters, and 9: Quality control of the model and the parameter 





Figure 4.5 Schematic representation of 16 possible permutations of colonisation scenarios 
when 4 populations are considered. (1 = Continental populations and Bioko, 2 = Príncipe, 3 
= São Tomé, 4 = Annobón). Scenarios 1–8 were considered the most biologically plausible 
as they did not involve colonisation events that ‘skipped’ an adjacent island. These eight 





Figure 4.6 Schematic representation from DIYABC software of colonisation scenarios 1–8. 
Scenarios 1–8 correspond to those identified in Figure 4.5 as the eight most plausible 
colonisation scenarios. Pop1 = Continental populations and Bioko, Pop2 = Príncipe, Pop3 = 
São Tomé, Pop4 = Annobón. In each scenario, the ancestral population begins at an 
effective population size of Nca0, and goes through a number of successive splits at the 
given time points, and the effective population sizes of descendent populations are capable 
of changing at each time point. Effective population size parameters are shown on the left 
side of each scenario diagram, and time parameters for each split event are shown on the 





In this study, I investigated the demographic and genetic history of E. helvum across a 
significant and representative proportion of its continental and island range, using both 
traditional and novel population genetic methods. This was the first study of its kind, and 
the combination of several classes of genetic markers ensured any sex-bias in population 
structure could be identified. Analyses were conducted on a 397 bp cytb fragment (n=608 
individuals), a 381 bp d-loop fragment (n = 184) and at 16 microsatellite loci (n = 555). 
With recent advances in sequencing capabilities, theoretical models incorporating 
coalescence, and computing software to bring the data and theory together, the field of 
population genetics is rapidly evolving. In some instances, multiple methods are available 
for a particular type of analyses, which use different models to implement the underlying 
theory (and therefore make different assumptions). Here, where results from multiple 
methods concurred, the results from supplementary methods are not discussed in detail but 
included as appendices. 
 
4.3.1 Assessment of error  
Poor quality mtDNA sequence traces were excluded from error calculations and 
downstream analyses. Sequencing error rate was negligible (0–0.01%) across samples 
repeated in duplicate, and no substitutions were observed in the 70 replicate sequences 
obtained from a single sample (Table 4.2). 
Error rates for microsatellite loci are reported in Chapter 2. Inter-assay genotyping 
variability, measured by the variation in fragment length of the dominant allele of locus M 
on each plate, was low (range 134.32 − 134.66) across 27 runs and two control samples 
(Figure 4.7). Loci Y proved difficult to confidently bin due to alleles of single nucleotide 
difference, so was discarded from subsequent analyses. Since loci B had previously been 
identified as being X-linked, the majority of analyses were therefore run using data from 










Figure 4.7 Box and whisker plot showing inter-assay variability of microsatellite genotyping 
runs, measured by the variation in fragment length of the ‘135’ allele of locus M. Data are 
from two separate control samples (A and B), across a total of 27 runs and shows the 









Number of samples 207 438 185 
Number of samples repeat PCR and sequenced 28 1 15 
Number of duplicates run per sample 1 70 1 
Total number of repeats 28 70 15 
% of sequences repeated 13.5% 16.0% 8.1% 
Number of base pairs in sequence 418 397 380 
Number of repeated sequences 28 70 15 
Number of base pairs compared 11704 27790 5700 
Number of sequence errors (mismatches) 1 0 0 
% PCR/sequence error (No of mismatches/no bp compared) 0.01% 0% 0% 
% samples extracted in duplicate, cytb PCR and sequenced 2.4%   
Number of errors (mismatches) 0   




4.3.2 Cytochrome b mutation rate 
The proportion of synonymous and non-synonymous sites in the cytb fragment was 26.4% 
and 73.1%, respectively and, using the synonymous and non-synonymous substitution 
rates from Pesole et al. (1999), the overall substitution rate for the E. helvum cytb fragment 
was therefore calculated as 8.44 x 10-9 substitutions site-1 year-1 , or 0.8% site-1 My-1. From 
49 mother-offspring pairs (19,453 paired bp), 7 bp changes were identified in 6 pairs, and 
these changes were consistently identified on repeat PCR and sequencing. With a 
generation time of 3.9 years for E. helvum, the mutation rate was calculated at 3.6 x 10-4 
mutations site-1 generation-1 , or 9.2 x 10-5 mutations site-1  year-1 . This is several orders of 
magnitude higher than published cytb substitution rates (calibrated over millions of years), 
which are in the range of 2 − 4 x 10-8 substitutions site-1 year-1 (Arbogast & Kenagy 2001; 
Hulva et al. 2004). 
Reasons for the discrepancy could include incorrect assignment of mother-offspring pairs 
during sampling, or time-dependent rates of molecular evolution. Incorrect assignment of 
mother-offspring pairs may have occurred as a result of sample mix-up, or ‘babysitting’ by 
a cage-mate, which has previously been observed in the absence of suckling in captive 
colonies of this species (Jan Zinck, Portland State University, pers. comm.). Three of the 
seven substitutions were identified in two mother-offspring pairs that were captured from a 
captive colony in Accra, but it is unknown whether this also occurs in wild populations. 
Genotyping of these individuals would help clarify this situation, however has not yet been 
performed. Even if these captive samples are omitted, however, the recalculated mutation 
rate of 4.9 x 10-5 mutations site-1 year-1 is still several orders of magnitude greater than 
published rates. Such variation in rates of molecular evolution across time scales is known 
and therefore, it must be kept in mind in downstream analyses that a substitution rate of 
2% site-1 million years-1 is a gross approximation. 
These mother-offspring results were considered too unreliable at this stage to utilise further 
in this study, however merit further investigation with additional samples as they arise. 
The distinction between transient mutation rates and fixed substitution rates is likely to 
also affect the ratio of synonymous and non-synonymous changes (Peterson & Masel 
2009). Observed values of the cytb Ka/Ks ratio in island and continental populations 
(0.08-0.12; Table 4.3) were in the range of that observed in other mammalian species 
(Stanley & Harrison 1999). In divergent species these values would typically be indicative 




(Kryazhimskiy & Plotkin 2008). Ka/Ks values showed no indication of differential 
selection between island and continental populations. 
Table 4.3 Ka/Ks ratios. 
Population grouping Ka/Ks ratio 
All populations 0.1046 
Continental populations + Bioko 0.0918 
Continental populations 0.1039 
Bioko 0.0775 
Principe 0.0977 




4.3.3 Tests for equilibrium 
After FDR adjustment of p-values, significant linkage disequilibrium was detected in three 
pairwise associations (loci Ac, Af, Ai) in one population (DRC). No significant 
associations were detected in any other individual sites, or when continental sites were 
pooled for analyses.  
Locus B significantly deviated from HWE across all populations (except those with small 
sample sizes: MA, UG and RM; Table 4.4). As described in Chapter 3, all males were 
homozygous at this locus, suggesting it was located on the X chromosome. Of the 
remaining 16 loci, the null hypothesis of HWE was rejected for 14 out of 192 tests. In all 
cases this was due to an excess of homozygotes. While there was no strong locus or 
population association for 8/14 tests (Ad: 3 tests, Ai: 2 tests, F, S and Ah: 1 test), the 
remaining six were in Bioko (T, S, K, Ac, Ai, Ad) 
The signal of a population-specific departure from HWE at six loci in Bioko was further 
investigated since the assumption of HWE is important for downstream analyses (for 
example, STRUCTURE clustering analyses define clusters by minimising FIS and 
departures from HWE). Clustering analyses using only loci in HWE (F, W, M, N, Q, X, 
Ag, P, Af, and Ah) or only loci deviating from HWE (T, S, K, Ac, Ai and Ad) were 
comparable, indicating that the findings for Bioko were not significantly affecting results. 
Remaining analyses were therefore run on 16 loci (omitting B), except where the software 




Table 4.4 Testing for HWE, showing p-values for FIS within samples amongst loci and 
populations, adjusted for multiple corrections. Values in bold indicate where < 5% of 
randomisations gave a larger FIS than the observed, indicating a significantly larger 
observed FIS and deficiency of heterozygotes than expected. 
 
4.3.4 Investigation of d-loop double bands 
Sequencing of d-loop ‘double-band’ PCR products using the forward primer (Wilkinson 
and Chapman primer P) produced the expected d-loop sequence, matching sequences from 
samples where no double bands were observed. Sequencing using the reverse primer 
(Wilkinson and Chapman primer E) produced the expected d-loop sequence with an 
additional ~400–500 bp extension to the 5' end. Overall, 33 of these longer sequences were 
sequenced, and displayed a high degree of similarity to each other indicating the amplified 
products were from the same region of DNA among individuals (Appendix 4.4). Database 
searches using BLASTn, tBLASTx and BLASTx were unable to identify any confident 
matches for the extension sequence. Translation using the ORF Finder tool from NCBI 
identified three 39–75 bp open reading frames in the fragment. 
Although it was suspected that these longer PCR products could represent nuclear 
mitochondrial inserts (NUMTs), further investigations, including repeat PCR amplification 
and gel extraction, are required to reach a definitive conclusion. The sequences obtained 
for the remaining (and vast majority of) samples were of consistent shorter length, aligned 
with each other and with Pteropus d-loop samples, and it was felt that the targeted region 
was indeed being amplified in these samples. Results from these samples are therefore 
included below, but for a more restricted range of analyses than cytb.  
Locus 
Population 
GH DR KE ZA MA TZ UG RM BI PR ST AN 
T 1.00 1.00 0.71 1.00 1.00 1.00 1.00 1.00 0.67 1.00 1.00 1.00 
S 1.00 1.00 1.00 0.02 1.00 1.00 1.00 1.00 0.01 1.00 1.00 1.00 
F 1.00 0.03 0.71 1.00 1.00 1.00 1.00 1.00 0.01 1.00 0.06 1.00 
W 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.86 1.00 
B 0.02 0.02 0.04 0.02 0.07 0.02 0.41 0.10 0.01 0.02 0.01 0.04 
M 1.00 NA NA 1.00 NA 0.57 NA NA 0.11 NA NA NA 
N 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Q 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.09 1.00 1.00 1.00 
X 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.79 0.08 1.00 1.00 
P 1.00 1.00 1.00 1.00 1.00 1.00 NA 1.00 1.00 1.00 1.00 1.00 
K 1.00 1.00 0.71 0.81 0.07 0.29 NA 0.88 0.01 1.00 1.00 1.00 
Ac 1.00 1.00 1.00 1.00 1.00 1.00 NA NA 0.02 1.00 0.09 1.00 
Af 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Ai 1.00 1.00 1.00 1.00 1.00 0.22 1.00 1.00 0.05 0.02 0.01 1.00 
Ad 0.02 0.02 0.71 0.81 1.00 0.02 1.00 0.10 0.01 1.00 1.00 1.00 
Ah 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.01 1.00 




The occurrence of control region length variation due to tandemly repeated units that is 
found in some bat families (Wilkinson & Chapman 1991; Wilkinson et al. 1997; Russell et 
al. 2005) was not observed in E. helvum. 
 
4.3.5 Genetic diversity 
Unless indicated, results presented here are from the dataset with offspring removed, 
however no major changes in genetic diversity or structure were observed when offspring 
were included in analyses.  
A total of 114 unique cytb haplotypes were identified from 544 individuals (Table 4.5). 
Overall, 86 of the 114 cytb haplotypes (75%) were singletons (only found in a single 
individual across all populations), 5 (4%) were private (found in more than one individual 
but only within one population) and the remaining 23 were shared (occurring in more than 
one population). Haplotype diversity (h) within continental + Bioko (CB) populations was 
high (0.84–0.96) but lower in isolated island (iIS) populations (0.2–0.53). Nucleotide 
diversity (π) was low across all populations, but particularly so in Principe and Annobón (π 
= 0.003) compared to all other populations (π = 0.006 − 0.010).  Molecular diversity, θs, 
among CB populations was highest in Bioko (9.24) and Ghana (7.40), and decreased as 
sample size decreased. However, in iIS populations, θs was low (1.40–2.08) despite large 
sample sizes. This effect was largely normalised in haplotypic richness (HR) values, after 
rarefaction. 
The E. dupreanum cytb sequence was 91% (360/397 bp) similar to the consensus E. 
helvum sequence.  
D-loop haplotype diversity was similarly high for CB populations, but π was 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































From 502 bats genotyped at 16 microsatellite loci, allelic richness (RS) was fairly uniform 
across continental populations (3.78 − 4.01) and Bioko (3.87), slightly lower in São Tomé 
(3.47) and Príncipe (3.45), and lower still in Annobón (2.79) (Table 4.5). A high 
proportion of private alleles was observed in Bioko (4.6%). Observed heterozygosity (HO) 
also tended to be lower in iIS than CB populations (mean iIS HO 0.66 ± 0.28, mean CB HO 
0.75 ± 0.26), but the standard deviations of estimates were overlapping. 
 
4.3.6 Population structure 
4.3.6.1 Cytochrome b  
Pairwise ΦST values were calculated to estimate the proportion of nucleotide diversity 
present among subpopulations, relative to the total population. Since cytb diversity is low, 
this statistic is less affected by the errors identified with GST by Jost (2008), and the 
traditional interpretation of ΦST as being representative of population differentiation was 
used. All analyses supported that continental populations and the population on Bioko 
(CB) comprise a single panmictic unit, whereas those on each of the iIS are genetically 
differentiated. 
Pairwise ΦST values were low and non-significant among continental populations (CT) or 
between CT populations and Bioko, and contrasted with large pairwise ΦST values between 
iIS and CB populations (0.27 − 0.61, p<0.01) (Table 4.6). Annobón was strongly 
differentiated from São Tomé and Príncipe (ΦST = 0.58 and 0.77, p<0.01) and while ΦST 
was tenfold lower between São Tomé and Príncipe, differentiation was still significant 
(ΦST = 0.07, p<0.05). The largest pairwise difference was observed between Annobón and 
Príncipe (0.77) and these two populations showed greater differentiation from CB 




Table 4.6 Estimates of population pairwise ΦST values from mtDNA (below the diagonal) and 
FST values from microsatellites (above the diagonal) among twelve E. helvum populations. 
Bold values represent significance at p <0.05, bold and italicised values represent 
significance at p <0.01. 
 
Following pairwise analyses, AMOVAs were used to compare all populations, or 
hierarchical groups of populations, within the one analysis. When CT populations were 
considered as one population (Table 4.7, analysis 2), ΦST approached zero and was non-
significant, indicating complete panmixia, with no sub-structuring present among 
continental populations. The result was consistent when Bioko was included in this 
panmictic unit (CB; analysis 3). Almost 100% of all variation was present within 
populations rather than among different populations.  
Differentiation between CB and iIS populations was also supported. Analyses detected the 
highest ΦCT (structure among groups) and lowest ΦSC (structure among populations within 
groups) when continental populations and the Bioko population were grouped as one 
population, Annobón was in a population of its own, and São Tomé and Príncipe were 
either grouped together or separate (Table 4.7, analyses 7 and 8). Little difference was 
observed between ΦST and Φ’ST values (Table 4.7). 
SAMOVA analyses identified that the proportion of total variation attributable to 
differences among clusters (ΦCT), and, therefore, the optimal clustering, was maximised at 
K=3 (CB, STP, and Annobón; Figure 4.8). There was strong support for São Tomé and 
Príncipe being a single cluster, and these populations did not separate into two clusters 
until the number of clusters was forced to K=6.
 Microsatellites 






GH  0.00 -0.00 -0.01 -0.01 -0.00 -0.03 -0.01 -0.00 0.05 0.04 0.12 
DR -0.01  0.00 -0.00 -0.01 -0.00 -0.03 0.01 -0.00 0.05 0.03 0.11 
KE -0.00 -0.02  0.00 -0.01 -0.01 -0.03 0.00 -0.00 0.05 0.03 0.12 
ZA 0.02 -0.00 -0.02  -0.01 -0.01 -0.04 -0.00 -0.00 0.05 0.03 0.12 
MA 0.04 0.02 -0.01 -0.02  -0.01 -0.04 0.00 -0.01 0.03 0.02 0.10 
TZ 0.05 0.02 -0.00 -0.00 -0.03  -0.03 0.00 -0.00 0.03 0.02 0.12 
UG -0.02 -0.01 -0.05 -0.05 -0.03 -0.03  -0.02 -0.03 0.02 0.02 0.11 
RM 0.03 -0.01 -0.03 -0.03 -0.04 -0.04 -0.05  0.01 0.05 0.04 0.15 
BI -0.00 -0.01 -0.01 0.00 0.02 0.03 -0.04 0.00  0.04 0.03 0.11 
PR 0.50 0.54 0.51 0.53 0.57 0.49 0.61 0.59 0.46  0.01 0.07 
ST 0.31 0.27 0.27 0.30 0.32 0.28 0.33 0.28 0.29 0.07  0.07 




Table 4.7 Structure of analyses and results of AMOVA. 
 Mitochondrial DNA - Cytochrome b 
Structure tested % 
Variance 
Φ Statistics Φ’ 
Statistics p-value 
1. One Group (All populations) 
 Among populations 34.73 ΦST = 0.347 Φ’ST = 0.358 0.00 
 Within populations 65.27    
2. One Group (Continental only) 
 Among populations 0.62 ΦST = 0.006 Φ’ST = 0.003 0.20 
 Within populations 99.38    
3. Two Groups (Continental vs. Bioko) 
 Among groups -0.32 ΦCT = -0.003 Φ’CT = 0.001 0.56 
 Among pops within groups 0.69 ΦSC = 0.007 Φ’SC = 0.004 0.21 
 Among pops among groups 99.63 ΦST = 0.004  0.16 
4. One Group (Príncipe, São Tomé and Annobón islands) 
 Among populations 56.25 ΦST = 0.562 Φ’ST = 0.575 0.00 
 Within populations 43.75    
5. Two Groups (Continental + Bioko) vs. (Príncipe, São Tomé and Annobón islands) 
 Among groups 15.80 ΦCT = 0.158 Φ’CT = 0.162 0.13 
 Among pops within groups 23.42 ΦSC = 0.278 Φ’SC = 0.288 0.00 
 Among pops among groups 60.78 ΦST = 0.392  0.00 
6. Two Groups (Príncipe and São Tomé) vs. Annobón 
 Among groups 61.85 ΦCT = 0.619 Φ’CT = 0.633 0.33 
 Among pops within groups 3.22 ΦSC = 0.084 Φ’SC = 0.086 0.01 
 Among pops among groups 34.93 ΦST = 0.651  0.00 
7. Three Groups (Continental + Bioko) vs. (Príncipe + São Tomé) vs. (Annobón) 
 Among groups 42.46 ΦCT = 0.425 Φ’CT = 0.436 0.00 
 Among pops within groups 1.46 ΦSC = 0.025 Φ’SC = 0.025 0.00 
 Among pops among groups 56.08 ΦST = 0.439  0.00 
8. Four Groups (Continental + Bioko) vs. (Príncipe) vs. (São Tomé) vs. (Annobón) 
 Among groups 41.63 ΦCT = 0.416 Φ’CT = 0.427 0.00 
 Among pops within groups 0.77 ΦSC = 0.013 Φ’SC = 0.012 0.16 




Table 4.7 continued. 
 Microsatellites 






1. One Group (All populations) 
 Among populations 4.28   FST =  0.043 F’ST = 0.207 0.00 
 Within populations 95.72    
2. One Group (Continental only) 
 Among populations -0.22 FST = -0.002 F’ST = 0.007 0.96 
 Within populations 100.22    
3. Two Groups (Continental vs. Bioko) 
 Among groups 0.60   FCT =  0.006 F’CT = 0.085 0.22 
 Among pops within groups -0.90 FSC = -0.009 F’SC = 0.002 1.00 
 Among pops among groups 100.30 FST = -0.003  1.00 
4. One Group (Príncipe, São Tomé and Annobón islands) 
 Among populations 4.45 FST = 0.045 F’ST = 0.133 0.00 
 Within populations 95.55    
5. Two Groups (Continental + Bioko) vs. (Príncipe, São Tomé and Annobón islands) 
 Among groups 4.01 FCT = 0.040 F’CT = 0.187 0.01 
 Among pops within groups 1.88 FSC = 0.020 F’SC = 0.118 0.00 
 Among pops among groups 94.11 FST = 0.059  0.00 
6. Two Groups (Príncipe and São Tomé) vs. Annobón 
 Among groups 5.44 FCT = 0.054 F’CT = 0.140 0.33 
 Among pops within groups 0.72 FSC = 0.008 F’SC = 0.033 0.00 
 Among pops among groups 93.83 FST = 0.062  0.00 
7. Three Groups (Continental + Bioko) vs. (Príncipe + São Tomé) vs. (Annobón) 
 Among groups 6.04 FCT = 0.060 F’CT = 0.192 0.00 
 Among pops within groups -0.08 FSC = 0.000 F’SC = 0.063 0.97 
 Among pops among groups 94.04 FST = 0.060  0.00 
8. Four Groups (Continental + Bioko) vs. (Príncipe) vs. (São Tomé) vs. (Annobón) 
 Among groups 5.90 FCT = 0.059 F’CT = 0.151 0.01 
 Among pops within groups -0.34 FSC = -0.004 F’SC = 0.094 1.00 






Figure 4.8 Tessellated map view of E. helvum population structure as determined by spatial 
AMOVA (SAMOVA) analyses on cytb sequence data. The red lines separate populations into 
K=2 to K= 6 clusters.  Population names: Ghana (GH), Annobón (AN), São Tomé (ST), 
Príncipe (PR), Rio Muni (RM), Bioko (BI), Zambia (ZA), DRC (DR), Uganda (UG), Malawi (MA), 
Kenya (KE), and Tanzania (TZ).  
At K=2, Annobón is the first to separate out from the remainder of the populations, followed 
by a São Tomé and Príncipe cluster at K=3. Following this, at K = 4 and K= 5, two 
continental samples with small population sizes (and therefore prone to sampling error) 
separate out (Uganda and Rio Muni, respectively). Finally, at K=6 São Tomé and Príncipe 
separate from each other. The final panel shows that ΦCT, the proportion of total variation 
attributable to differences among clusters, was maximised at K=3. 
 
4.3.6.2 Microsatellites 
Similar to ΦST, FST values are generally expected to be low and non-significant in 
panmictic populations and higher where significant differences in allele frequencies exist 
between populations. Pairwise FST values and AMOVA analyses were supportive of 
findings from cytb analyses, where Bioko showed no significant differentiation from each 
of the CT populations, and each of the isolated islands was significantly differentiated from 
all other populations (Table 4.6 and Table 4.7). Again, pairwise FST values were tenfold 
higher between Annobón and Príncipe, and Annobón and São Tomé (0.069 and 0.071 
respectively), than between Príncipe and São Tomé (0.007), yet the latter was still highly 
significant. In contrast to mtDNA data, where the largest pairwise difference was between 
Annobón and Príncipe, here the largest pairwise differences were between Annobón and 




than ΦST values, consistent with expectations that the range of possible FST values for 
highly variable markers is less than 0–1 and alternative statistics should be explored. 
Alternative F-statistics, G’ST and D, were highly sensitive to mutation rate of the marker 
used and varied significantly across markers with low or high heterozygosities (compared 
to much lower variation in FST values; Table 4.8). Regardless, Jost’s D, which is reported 
to be the most appropriate statistic for detecting population differentiation, showed the 
same trends across population groupings as FST and G’ST when all markers were 
considered. For the remainder of analyses, FST was therefore considered to approximate 
differentiation.  
Table 4.8 Comparison of values obtained for various F-statistics. 
 
Pairwise FST and RST values were strongly correlated across the whole dataset (Pearson’s 
correlation coefficient R=0.74, p<0.001), and RST was larger than FST at global and 
regional levels (CT, CB, iIS). This was significant at the global and iIS level (p<0.01), but 
not for individual or CB populations (p>0.05). A significant value indicates that mutation 
is likely to have contributed to observed differentiation, whereas a non-significant value 
suggests genetic drift as a principal cause. 
While observed RST was significantly greater than pRST for the global RST estimate (p<0.05) 
and for 10/66 pairwise comparisons (between AN and all populations except UG), no 
pairwise comparisons were significant after correction for multiple testing was applied. 
This would suggest that FST is a more appropriate statistic to use in assessing population 
structure.  
Power calculations were performed to show that any inability to detect population structure 
was not as a result of insufficient power within the dataset. With a null hypothesis of 
genetic homogeneity, the statistical power (1-β) is the probability of correctly accepting the 
alternative hypothesis. Results indicated that the mtDNA datasets had 100% power to 
detect differentiation among populations when the true ΦST was 0.014, and 80% power if 
  ALL 





Observed Heterozygosity HO 0.66 0.39 0.78 0.68 0.68 0.61 0.63 
Heterozygosity Within Pops HS 0.72 0.42 0.86 0.75 0.75 0.64 0.67 
Total Heterozygosity HT 0.74 0.43 0.89 0.75 0.75 0.66 0.70 
Corrected total HT H'T 0.75 0.43 0.89 0.75 0.75 0.67 0.71 
Inbreeding coefficient GIS 0.09 0.06 0.10 0.10 0.10 0.04 0.06 
Fixation index (from FST) GST  0.03 0.04 0.03 0.00 0.00 0.03 0.05 
Hedrick’s standardised GST G'ST (Hed) 0.11 0.07 0.24 -0.01 -0.01 0.12 0.17 




the true ΦST was 0.006. The microsatellite dataset had 100% power to detect differentiation 
among populations when the true FST was 0.002, and 80% power if the true FST was 
0.0013. These FST values are so low that, even though the observed pairwise FST or RST 
values among CB populations dropped below this point, the lack of differentiation among 
continental and Bioko populations can be inferred with confidence. The probability of 
falsely detecting significant differentiation when the null hypothesis is true (α), was 
estimated at 0.02–0.08, which is in line with the typically accepted 0.05 cutoff.  
 
4.3.6.3 Isolation by distance 
No positive correlation was observed between genetic distance (Slatkin’s linearised ΦST 
and FST) and log geographical distance in any mtDNA or microsatellite analyses (Figure 
4.9). This indicates that neighbouring populations are not significantly more related to each 
other than distant populations in continental Africa, and therefore that there is no evidence 
for a stepping stone model of migration in E. helvum across this range. This finding was 
consistent when latitude was ignored and east-west geographical distances used were in 
analyses, indicating no IBD exists between populations according to presumed north-south 
migration routes. This finding is valuable for interpretation of clustering analysis, since 
artificial population boundaries may be assigned if IBD exists and the distance between 
sampling locations is large relative to the scale over which IBD occurs (Schwartz & 
McKelvey 2009). 
4.3.6.4 Bayesian clustering methods 
Results from STRUCTURE, BAPS and TESS were highly concordant with each other and 
with the mtDNA SAMOVA results presented above. The optimal number of clusters was 
K=3 (using mean likelihood (log P (X|K)) and DIC values; Figure 4.10). The three clusters 
correspond to populations from Continental + Bioko (CB), São Tomé and Príncipe (STP), 
and Annobón (AN). With increasing values of K in STRUCTURE, the STP and AN 
clusters remain unchanged, and the CB cluster becomes increasingly subdivided into 
multiple clusters of approximately equal proportion (Figure 4.11). Additionally, 
STRUCTURE analyses run with CB or iIS samples as separate datasets did not identify 
any hidden clusters. 






Figure 4.9 Isolation by distance plots of pairwise population values for log geographic 
distance (km) and genetic distance. Genetic distance is given by Slatkin’s linearised ΦST 
(ΦST /(1- ΦST ) for cytb mtDNA analyses (left column) or Slatkin’s linearised FST (FST/(1-FST) 
for microsatellite analyses (right column). Note that the scales vary. Analyses were 
performed for all populations (n = 12), for continental populations only (n = 9), or for island 
populations only (n=4). Statistical significance was assessed using a Mantel test and p-





Figure 4.10 Likelihood values obtained from STRUCTURE, BAPS and TESS analyses plotted 
against the number of clusters (K) within samples from 12 continental and island 
populations. a) STRUCTURE analyses: mean (±SD) probabilities of the data (Ln P (X|K)) over 
20 replicated runs. b) BAPS analyses: mean (±SD) log likelihoods of the data over 10 
replicated runs. c) TESS analyses: mean deviance information criterion (DIC) values (±SD) 






Figure 4.11 Estimated population structure from STRUCTURE analyses for K = 2 to 13. 3 
Analyses run using the admixture setting identified an optimum of three clusters 4 
corresponding to continental and Bioko populations (left), São Tomé and Príncipe (centre, 5 
orange) and Annobón (right, red).  6 
Population names: Ghana (GH), DRC (DR), Kenya (KE), Zambia (ZA), Malawi (MA), Tanzania 7 
(TZ), Uganda (UG), Rio Muni (RM), Bioko (BI), Príncipe (PR), São Tomé (ST) and Annobón 8 
(AN). Each vertical line represents the proportional membership assignment of one 9 
individual to each of K coloured clusters. Black lines divide the plot into sampling locations. 10 
Multiple replicate runs were assimilated and assessed for consistency in CLUMPP and plots 11 




4.3.6.5 Admixture analyses and identification of migrants 
When the three clusters identified above were used as prior population information in 
STRUCTURE, 19/502 individuals were considered ‘admixed’ (with assignment 
probabilities of 0.2 <p<0.8). While none were classified as recent migrants, four 
individuals showed up to 30% probability of having recent migration within its past two 
generations (#411, 430, 734, 792; Appendix 4.7). Sample #411, sampled from Rio Muni 
on the continent, showed a mixture of all three clusters, and had a cytb haplotype shared by 
continental and all island populations (Hap8) (Figure 4.12). A cytb sequence was not 
obtained for sample #430, however both #734 (sampled in Príncipe) and #792 (sampled in 
Annobón) were in the Hap111 group, which is private to the islands.  
 
 
Figure 4.12 Potential migrants identified by STRUCTURE assignment analyses. Map is 
coloured according to identified genetic clusters (Continental + Bioko = grey, São Tomé and 
Príncipe = orange, Annobón = red). Each pie chart represents an individual identified as a 
potential migrant. The location of the pie chart and colour of text indicates the cluster they 
were sampled from. Each pie chart is coloured by cluster proportion. Text gives sample ID, 
sex (M = male, U = Unknown), age (A = adult, SI = sexually immature and U = unknown) and 





4.3.7 Phylogenetic analyses 2 
4.3.7.1 Bayesian phylogeny 3 
A cytb phylogeny was constructed to assess relationships between E. helvum haplotypes 4 
and also between E. helvum and E. dupreanum. The relationships observed in an unrooted 5 
tree were comparable to that in the networks (discussed in detail below). When E. 6 
dupreanum was used as an outgroup, the E. helvum phylogeny comprised of three main 7 
groups that share a common ancestor with E. dupreanum (Figure 4.13; A, B and C). Since 8 
A and B have descendent subgroups (B and C, respectively), the term ‘clade’ is not strictly 9 
correct, but will be used here for simplicity. With E. dupreanum included in the phylogeny, 10 
clade A appears ancestral to clades B and C. 11 
Similar analyses were performed to assess the timescale of E. helvum and E. dupreanum 12 
divergence, comparing values obtained from a cytb substitution rate of 2% site-1 My-1 and 13 
previously dated reference points from other fruit bat species in the Pteropodinae 14 
subfamily (Teeling 2005). From these analyses, it was estimated that E. helvum and E. 15 
dupreanum diverged approximately 6.8–8.4 Mya (Appendix 4.8). 16 
 17 
4.3.7.2 Haplotype networks 18 
The cytb haplotype network was characterised by a small number of very common 19 
haplotypes, surrounded by many haplotypes present in only 1–5 individuals (Figure 4.14). 20 
Particularly in the part of the network corresponding to clade C of the phylogeny (on the 21 
right), the central haplotypes are predominantly continental, and a large number of unique 22 
haplotypes radiate out from these in a star-like topology, which is indicative of expansion. 23 
Thorough spatial mixing is evident and the larger central haplotype (Hap2) is shared by 85 24 
individuals representing all CB populations, and a single individual from Annobón. 25 
The vast majority of individuals from isolated island populations (253/272; 93%) are 26 
divided between two haplotypes at opposite ends of the haplotype network (Figure 4.15). 27 
Hap111 is exclusive to São Tomé, Príncipe and Annobón and is connected to the central 28 
continental haplotype (Hap2) by a smaller haplotype, which includes one quarter of its 29 
individuals from São Tomé (Hap6). The other main island haplotype (Hap8) in the far left 30 
of the network (corresponding to clade B of the phylogeny) is present within 8/9 CB 31 




The central haplotype (Hap2) contains one Annobónese individual but none from São 33 
Tomé or Príncipe, but three individuals from these islands are present as radiating 34 
haplotypes, with 1–2 base pairs difference. The majority of Annobón samples are in Hap8, 35 
whereas the majority of São Tomé or Príncipe individuals are in Hap111.  36 
Although much higher nucleotide diversity was observed, the d-loop haplotype network 37 
structure was consistent with the cytb network, both in its overall structure and when 38 
individual level relationships were examined (Appendices 4.9 and 4.10). 39 
Cytb haplotype networks produced using NETWORK software and TCS were highly 40 
compatible. Although both contained reticulations, the basic network produced with 41 
NETWORK had far fewer reticulations and weighting of less informative sites allowed 42 





Figure 4.13 E. helvum cytochrome b haplotype Bayesian phylogeny with E. dupreanum used 
as an outgroup. Three main ‘clades’ are identified: A, B and C. Posterior probabilities are 
shown on the main branch nodes. * refers to a haplotype which was represented in both 
continental Africa and Bioko (CB) and on isolated island (iIS), † refers to haplotypes 
represented only on Príncipe, ‡ refers to haplotypes represented only on São Tomé and §  








































































































































































































































































































































































































































































































4.3.8 Demographic analyses 
4.3.8.1 Mitochondrial DNA neutrality tests 
Neutrality statistics were strongly supportive of expansions in CB populations. For Class I 
statistics this included large negative values for Tajima’s D and Fu and Li’s D* and F*, 
low positive values for R2 and large positive values for S/d (p<0.01 for all statistics), and 
this was not found in iIS (p>0.05, Table 4.9). Fu’s Fs (Class II) was also supportive of 
these results, and showed negative values in CB populations (p<0.01) and positive values 
in iIS. While not all CB populations showed significance in class I and class II statistics 
when populations were analysed individually, R2 and Fs are reported to be the most 
powerful in detecting population expansion (Ramos-Onsins & Rozas 2002), and displayed 
the highest number of significant population-level results. 
These statistics, however, can only assess demographic expansion under the assumption of 
neutrality. Given results indicating that the iIS are genetically distinct from CB populations 
and may be experiencing different selective conditions, selective sweeps are an alternative 
explanation to these demographic results. While not entirely suited to these analyses, ratios 
of synonymous and non-synonymous changes showed no indication of differential 
selection between island and continental populations. 
Mismatch distributions (Class III) were unimodal for continental and Bioko populations at 
population and regional levels (Figure 4.16), and statistical analyses could not reject that 
these populations had experienced a past demographic or spatial expansion (p>0.05). An 
exception to this was Ghana, where demographic expansion was rejected (p< 0.05) and the 
mismatch distribution was outside of the 99% confidence intervals for the demographic 
model (Figure 4.16), but showed a better fit to the spatial model (Figure 4.17).  
Mismatch distributions for isolated island populations were bimodal, with peaks at zero 
and seven pairwise differences. While a demographic expansion model was rejected 
(p<0.05), the spatial expansion model was not (p>0.05). This was reflected in the 
mismatch distribution plots, where the spatial model confidence intervals reflected the 
same bimodal peaks (Figure 4.17). Raggedness indices (typically less than 0.03 in growing 
populations and > 0.03 in stable populations) were low in CB populations (0.02–0.12) and 
much higher in iIS populations (0.41–0.70), but were not statistically significant. Similar 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 4.16 Cytochrome b demographic mismatch distributions. The frequency distribution 
of observed pairwise differences within each country or region is shown in the thick black 
line, and those expected under a model of demographic expansion in the thin black line. 
Dotted lines represent confidence intervals for expected distribution. A unimodal mismatch 
distribution is observed in continental populations, and bimodal distribution, which does 
not fit a model of demographic expansion, is observed in isolated island populations. 
Population names: Ghana (GH), DRC (DR), Kenya (KE), Zambia (ZA), Malawi (MA), Tanzania 
(TZ), Uganda (UG), Rio Muni (RM), Bioko (BI), Príncipe (PR), São Tomé (ST) and Annobón 





Figure 4.17 Cytochrome b spatial mismatch distributions. The frequency distribution of 
observed pairwise differences within each country or region is shown in the thick black line, 
and those expected under a model of spatial expansion in the thin black line. Dotted lines 
represent confidence intervals for expected distribution. A unimodal mismatch distribution 
is observed in continental populations, and bimodal distribution expansion is observed in 
isolated island populations, both of which fit a model of spatial expansion. 
Population names: Ghana (GH), DRC (DR), Kenya (KE), Zambia (ZA), Malawi (MA), Tanzania 
(TZ), Uganda (UG), Rio Muni (RM), Bioko (BI), Príncipe (PR), São Tomé (ST) and Annobón 




4.3.8.2 Isolation with migration model 
A range of prior parameter estimates were explored in pairwise IMa2 analyses to identify 
those that resulted in satisfactory parameter estimate curves. This initial step proved 
extremely time consuming (January – September, 2011). Pairwise analyses then took up to 
4 months to reach stationarity, and only recently were multi-population analyses 
commenced. As such, results presented here must be considered preliminary until further 
exploration can be performed.  
Estimated effective population sizes (Ne), migration rates, and divergence times from 
pairwise analyses are presented below. Marginal distribution plots shown in Appendix 4.13 
indicate consistencies between certain pairwise analyses (e.g. continental effective 
population size), but that further optimisation of priors is required before firm conclusions 
can be reached. 
Effective population sizes were estimated at: 
 Continent: 5.4 million (5.3–5.5 million) 
 São Tomé: 30,500 (1,900–59,200) 
 Príncipe: 3,000 (400–5,500) 
 Annobón: 2,200 (0–5,800) 
 Ancestral (mean at time of island-continent splits):  161,100 (127,200–194,900) 
Analyses to date indicate that the current continental Ne is ~2450 times greater than in 
Annobón, and 33 times greater than the ancestral population present when the island 
populations diverged, i.e. the continental population expanded massively after island 
colonisation, which was estimated at about 87,700 (60,800–114,700) years ago. 
Population migration rates (the rate at which genes come into a population, proportional to 
the source population, 2Nm) from the continent to São Tomé, Príncipe and Annobón were 
significantly different to zero and estimated at 2.9, 0.76 and 0.73 individuals per 
generation, respectively. For Príncipe and Annobón, migration rates towards the continent, 
were not significantly different from zero. The posterior probability curve for the migration 
rate parameter from São Tomé to the continent was significantly different to zero, but the 
bimodal shape and truncation of the right tail of the distribution cast significant uncertainty 
on the very large estimated population migration rate (2Nm = 654). Effectively 
unidirectional flow was also detected from Bioko to Principe (2Nm = 1.13) and São Tomé 
to Annobón (2Nm = 2.31). Rates between São Tomé and Príncipe were high (2Nm = 12.33     




not significantly different from zero. These analyses require repeating with modified priors 
and longer runs to better assess these results. 
To infer which population is ancestral in pairwise island-continent and island-island 
comparisons, the IM software was used to infer split parameters (the proportion of the 
ancestral population that founds the descendant population) between each of the isolated 
islands and the continental population. A biologically reasonable assumption would be that 
the ancestral population originated in continental Africa and that the islands were colonised 
by a relatively small number of individuals from this ancestral population. In this case, 
split parameters close to zero would be expected in island-continent pairwise analyses in 
IM (i.e. only a very small proportion of the ancestral population founded the island 
population, and the vast majority of the ancestral diversity is retained in the present 
continental population). Results from theses analyses were largely uninformative however. 
In several island-island pairwise analyses the marginal posterior distributions for the split 
parameter were flat (i.e. equally supportive of s values of 0 – 1). In island–continent 
analyses however, while marginal posterior distributions showed distinct L- or S-shaped 
curves, split parameter estimates of ~0 .99 were obtained, indicating ~99% of the ancestral 
population founded the island populations, while only 1% founded the continental 
population. This is opposite to expectations. Further analyses as suggested by the 
software’s author (Jody Hey, pers. comm.) failed to identify an explanation for these 
results. Instead, it is anticipated that results from pairwise IMa2 analyses above will be 
used to infer a coalescent tree topology for multi-population IMa2 analyses.  
 
4.3.8.3 Approximate Bayesian Computation 
Optimisation of prior parameter values was performed, and the priors used in the final 
analyses are shown in Table 4.10. Principal component analyses undertaken in Step 5 of 
the ABC analyses indicated poor correlation between the summary statistics of observed 
and simulated datasets, suggesting that either the proposed scenarios or the prior 
distributions of the parameters were inadequate. It appeared this might have been related to 
inability to assess the effective population of continental populations. Parameter estimates 
for CT Ne were often beyond the maximal bounds of the software (> 109). 
While some scenarios (e.g. scenarios 3 and 6) appear favoured over others, it is 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In this study, several genetic markers were used to demonstrate panmixia in E. helvum 
across continental Africa, with strong evidence for past spatial and demographic 
expansion. While a near-shore island was found to be included in this panmictic 
continental population, populations on three isolated offshore islands showed strong 
genetic differentiation. Modern coalescent methods were used to investigate the 
colonisation history of these islands, and this is an exciting area for future research. At the 
outset of this study, three primary research questions were posed. The findings relating to 
each of these are addressed below. 
  
4.4.1 What are the patterns of genetic structure across the 
species range, and can they be related to migratory routes?  
E. helvum is panmictic across its continental range, with no evidence of isolation by 
distance or structuring according to migratory routes. 
Power analyses indicated that these data were sufficient to detect population structure had 
it been present, yet support for panmixia was obtained using multiple analyses in both 
mtDNA and microsatellite markers. Consistent with previous studies on panmictic bat 
species (Petit et al. 1999; Olival 2008), there was high haplotype diversity across 
continental and Bioko (CB) populations and the haplotype network showed thorough 
spatial mixing throughout (also emphasized by the central haplotype of clade C (Hap2) 
containing individuals from all CB populations). Pairwise ΦST and FST values approached 
zero, AMOVA and clustering analyses detected no structure among CB populations, and 
despite the continental range of sampled CB populations spanning over 4500 km, gene 
flow that is so extensive that no significant isolation by distance (IBD) was observed 
across the extent of the sampling range. That the panmixia was observed in both mtDNA 
and nuclear DNA gives no evidence for a predominance of male- or female- mediated gene 
flow. 
In all analyses Bioko showed similar genetic diversity to, and clumped with, continental 
populations. Bioko was connected to the African continent via a land bridge during the last 
glacial period ~10,000 years ago, with separation occurring ~7500–7000 years ago (van 
den Audenaerde 1967). At current sea levels Bioko lies 32 km from the mainland, which is 
easily within night time foraging flight distances reported for E. helvum (Richter & 




Cameroon at various times of the year (Juste et al. 2000 and personal observation), 
however, no formal studies have been done to confirm this. Although results for Bioko 
generally reflected those of CT populations in structure analyses, some differences were 
observed, including higher levels of molecular diversity (θ), singleton and private alleles 
(70 % of haplotypes in Bioko were found nowhere else), and significant neutrality 
statistics. Additionally, six out of ten microsatellite loci were not in Hardy-Weinberg 
equilibrium (HWE; due to an excess of homozygotes) in Bioko, compared with 0–2 loci in 
all other populations. These results could indicate subpopulation structure in this 
population or recurrent admixture from a population with different allele frequencies (the 
Wahlund effect). While overall results were robust to inclusion of these loci, further 
investigations are required to identify the underlying cause. The majority of samples 
obtained from this population were within the same age cohort (recently weaned juveniles) 
from a single sampling site. It is therefore possible that sub-structuring and sample bias 
may have been a cause. 
The vast majority of migratory bat species that have been studied to date exhibit high gene 
flow and panmictic population structures (Fleming & Eby 2003; Russell et al. 2005; 
Turmelle & Olival 2010). This often occurs over vast geographical areas, for example 
noctule bats (Nyctalus noctula) exist as a large panmictic population across 3,000km in 
central Europe (Petit & Mayer 1999). However, inclusion of all N. noctula sampling 
locations in analyses resulted in detection of a weak structure across the continent, as was 
the case for Pteropus alecto and P. poliocephalus in Australia (Webb & Tidemann 1996). 
Here, E. helvum sampling sites across continental Africa spanned a distance of over 4,500 
km, and to the author’s knowledge, the continental population of E. helvum sampled in this 
study is therefore the largest reported panmictic unit of mammal or bird. E. helvum’s range 
extends further north and west of the sampling sites in this study, and it may be possible 
that this panmixia continues to the extent of the range, a distance of over 6,500km.  
Previous studies have suggested E. helvum migration might occur on a ‘north-south’ axis, 
with seasonal austral and boreal population movements following latitudinal shifts of the 
Inter-Tropical Convergence Zone (ITCZ) weather system (Thomas 1983; Richter & 
Cumming 2008; Fahr 2009). The hypothesis that greater genetic differentiation might 
therefore be observed on an east-west axis than a north-south axis was not supported here; 
no IBD was observed when analyses were performed using east-west (longitudinal) 
distance only. This could indicate that the amount of gene flow between distinct migratory 
populations is high enough to prevent distinguishable differences in allele frequencies. An 
alternative hypotheses is that E. helvum populations are more fluid and nomadic, tracking 




migratory routes. Fission-fusion social structures are increasingly being recognised in both 
Pteropodiformes and Vespertilioniformes suborders (Storz et al. 2001; Kerth 2008), and 
would be consistent with observations of E. helvum site occupancy patterns in Accra, 
Ghana (Hayman et al. 2012b). Combined with migrations (nomadic or directed), this 
would be expected to result in the high levels of gene flow seen here and described in other 
migratory Old World fruit bats (Eby 1991). 
Isolated island populations of E. helvum are genetically distinct from each other and 
from continental populations. 
In contrast to the CB populations, significant differentiation was seen among the isolated 
islands (iIS; Príncipe, São Tomé and Annobón; AMOVA ΦST = 0.56, FST = 0.045, 
p<0.001) and between iIS populations and the panmictic CB population (ΦST = 0.42, FST = 
0.059, p<0.001). Bayesian clustering and SAMOVA analyses gave strong support for the 
existence of three clusters (CB, STP and AN) from microsatellite markers and mtDNA, 
respectively, however pairwise comparisons identified variation in the patterns of 
differentiation among markers. For example, in mtDNA analyses São Tomé is less strongly 
differentiated from CB populations (mean ΦST = 0.29, SE 0.01, p<0.001) than is Príncipe 
and Annobón (mean ΦST = 0.53 and 0.52, SE 0.02 and 0.02, respectively, p<0.001). Yet 
São Tomé and Príncipe have similar haplotype frequencies for the two main island 
haplotypes in the haplotype network (Hap111 is predominantly STP, whereas Hap8 is 
predominantly AN). Similarly, in microsatellite pairwise comparisons, Príncipe and São 
Tomé have similar levels of differentiation from CB populations (mean FST = 0.04 and 
0.03, SE 0.003 and 0.002, respectively, p<0.001) and Annobón is much more strongly 
differentiated (mean FST = 0.13, SE 0.005, p<0.001).   
The detection of significant population structure among island populations of E. helvum in 
the Gulf of Guinea is consistent with a previous study that considered allozymes and 
morphology (Juste et al. 2000). Here, these results are confirmed with multiple maternally 
and biparentally-inherited markers. Pairwise FST values among iIS populations from 
allozymes (0.033 – 0.141) were in a similar range to those observed here for 
microsatellites, and similar trends were observed for all markers (i.e. lower values between 
São Tomé and Príncipe, and largest value between Príncipe and Annobón). However 
differences were observed between the markers in other analyses. Lower levels of genetic 
diversity were detected in iIS populations compared with for CB populations, which is 
typical of isolated populations, but not detected by Juste (2000). Additionally, the previous 
study identified significant correlation between genetic and geographic distances, which 
were not detected here using mtDNA or microsatellite markers, despite much larger 




4.4.2 Are the geographically isolated populations of E. helvum in 
the Gulf of Guinea islands connected to other populations 
via gene flow, or also genetically isolated? If yes, is this 
gene flow symmetrical?  
Although E. helvum are long-range migrants (Richter & Cumming 2008) and have been 
observed flying more than 400 km out to sea (Rosevear & Webb 1965; Varona 1975), the 
strong genetic structure detected among islands indicates that such flights and dispersal 
between islands (with successful mating) are exceptional events. The ocean channels 
separating them are likely to have provided a barrier to dispersal in the initial colonisation 
of the islands, and in recurrent inter-island dispersal, as has been seen in other bat species 
(Juste et al. 2000; Maharadatunkamsi et al. 2003; Hisheh et al. 2004; Campbell et al. 2004; 
Roberts 2006; Salgueiro et al. 2008; Brown et al. 2011; Weyeneth et al. 2011).  
The ocean is a significant geographical barrier to current day gene flow from the continent, 
as indicated by the significant genetic structure and the low number of immigrants detected 
via assignment analyses. As discussed under the colonisation scenarios section below, 
there is reason to believe that recent gene flow is lower than it was historically. While the 
distances between each of the islands and to the mainland in the present day are not 
insurmountable to these bats, the distances to the mainland and between the islands were 
less at around the time of the last glacial maximum, when sea levels were lower (Juste et 
al. 2000). The most dramatic changes are in the distance between the continent (which 
included Bioko at the time) and the iIS (reductions of 39km, 49 km and 23 km respectively 
from Príncipe, São Tomé, and Annobón). Inter-island distances would also have been 
reduced (by up to 35km between Príncipe and São Tomé), and may have been punctuated 
by smaller, now-submerged islands. Additionally, body size of E. helvum on the iIS has 
reduced in island populations compared to mainland populations (see chapter 2 and Juste et 
al. 2000). Body size is likely to be a factor affecting dispersal of bats between oceanic 
islands, with higher rates of gene flow among islands suggested for larger body bats 
(Weyeneth et al. 2011). The dwarfism observed in E. helvum on the Gulf of Guinea 
islands, and in particular on Annobón (Juste & Ibañez 1994), may therefore be affecting its 
ability to migrate off the islands.  
Assignment analyses identified only 4/502 individuals as being potential recent immigrants 
from another cluster (Appendix 4.7). Sample #734 was a sexually immature male sampled 
in Príncipe whose cytb haplotype was found exclusively in iIS individuals (Hap111), yet it 




4.12). It is therefore possible that it is second generation migrant from the continent (with a 
male bringing in CT nuclear alleles and mating with a Hap111 STP female). Weyeneth et 
al. (2011) found Nm values approaching zero among oceanic island bat populations, yet 
still detected several putative first or second generation migrants and concluded occasional 
male-mediated dispersal as the cause.  
Rates of absolute gene flow calculated from fixation indices are frequently used as an 
indication of whether independent divergence would be expected to occur a result of 
random genetic drift (i.e. when the population migration rate per generation, Nm, is <1 
(Wright 1965). While it has been argued that population differentiation and relative rates of 
gene flow are better estimated by Jost’s D statistic (Jost 2008), this has not been 
universally accepted, and Nm values are presented here to facilitate comparison with other 
studies and for epidemiological interpretation. While the distance separating São Tomé and 
Príncipe is a substantial barrier to gene flow (shown by significant pairwise ΦST and FST 
values), greater connectivity exists between these two populations than with other 
populations (pairwise ΦST and FST values are lowest and gene flow highest). This was also 
reflected in the cluster analyses, where São Tomé and Príncipe clustered together, and 
separate from CB and Annobón populations. These islands lie closer to each other than to 
other islands or the mainland, and dispersal between them may have been demonstrated by 
the asynchronous birth detected in Príncipe in this study (i.e., at a time when suckling 
neonates were present in São Tomé, a single adult female with a new-born suckling 
neonate was captured in Príncipe, despite no pregnancy or lactation being detected in any 
other females there).  
Gene flow between Annobón and all other populations is sufficiently low to allow 
divergence by genetic drift from the continent (Nm = 0.73), however were higher from São 
Tomé (Nm = 2.31), in support of earlier analyses using allozymes (Nm = 1.086 − 1.924) 
(Juste et al. 2000). In fact this previous study suggested that Annobón’s isolation has 
resulted in sufficient morphological changes and genetic differentiation of E. helvum on 
the island for its designation as a separate subspecies, E. helvum annobónensis. 
Isolation-with-migration model analyses are still in preliminary stages, so these estimates 
must be assumed to be approximate at this stage. Additionally, these methods assume gene 
flow occurs at a constant rate. While dispersal events to and from each island are expected 
to be rare, intermittent dispersal every few generations cannot be ruled out and may affect 






4.4.3 What insights can we gain into the demographic history of 
E. helvum in Africa, and colonisation events to the islands? 
Coalescent genealogy methods are key in inferring demographic parameters such as 
effective population sizes, gene flow, and timing of population divergences. Current 
mtDNA and nuclear DNA signatures may reflect several processes that have occurred in 
the sampled populations over time, and even with a clear indication of the genetic 
population structure of E. helvum, disentangling the demographic history of the continental 
populations and the islands is not so straightforward. Before understanding the whole 
picture, it is easier to try and evaluate separately: 
i) The divergence of E. helvum as a species, and its colonisation of Africa  
ii) The demographic history of E. helvum in continental Africa that has resulted in its 
current widespread distribution and enormous population sizes 
iii) The colonisation history of the Gulf of Guinea islands, and how subsequent gene flow 
among populations, or lack thereof, has resulted in the genetic differentiation observed 
today 
iv) The relative timing of the above events 
 
i) The divergence of E. helvum as a species, and its colonisation of Africa 
An order-wide bat phylogeny is yet to be definitively resolved (Teeling 2005; Giannini et 
al. 2008). In some studies, the Eidolon genus appears more closely related to Australasian 
Pteropus fruit bats than other African fruit bats (the proposed ‘African clade’) (Juste et al. 
1999; Giannini & Simmons 2005). However, in more recent analyses using nuclear genes, 
inclusion of Eidolon within this subfamily was either not supported, or was only very 
weakly supported (Giannini et al. 2008). Eidolon’s phylogenetic position therefore remains 
unclear at this time. 
Colonisation of Africa by Eidolon’s precursor has been hypothesised to have followed one 
of three routes: from the north, either via the Arabian or Iberian Peninsula, or from the 
east, along the chain of Indian islands (Juste et al. 1999). The earliest bat fossil found in 
Africa is dated around the middle early Eocene (~ 50 Mya). Although the only known 
Eidolon fossil was found in Ethiopia and estimated to be from the Late-Pliocene (3 Mya), 
phylogenetic analyses suggest that the African colonisation by Eidolon occurred much 
earlier than this (Juste et al. 1999). Given that the only other species in the Eidolon genus 




colonised both the African mainland and Madagascar before divergence into the two 
species as a result of vicariance. Examples of colonisations in both directions across the 
Mozambique Channel have been documented in other bat species (Russell et al. 2008; 
Weyeneth et al. 2011). By assuming a cytb clock rate of 2% My-1 or by extrapolation of 
divergence times from fossil-calibrated phylogenies (Teeling 2005), divergence was 
estimated at around 6.8 − 8.4 Mya; a time when tropical Africa was relatively warm and 
wet (Hamilton 1991). 
The cytb and d-loop haplotype networks and cytb phylogeny show an overall consistent 
structure (Figure 4.14 and Appendix 4.9), indicating a similarity in the genealogical history 
of the two markers. Central haplotypes in starburst network structures (such as Hap2 in the 
cytb network) are often interpreted as ancestral. However, comparison with the phylogeny 
that includes E. dupreanum as an outgroup suggests otherwise. Hap2 is represented by 
clade C of the cytb phylogeny, however it appears that clade A is more ancestral. The exact 
relationships were not clearly resolved; haplotypes corresponding with clades A and B are 
joined in the centre of the network by an inferred (missing) haplotype node. 
 
ii) The demographic history of E. helvum in continental Africa 
Multiple analyses here supported spatial and demographic expansion as a likely cause of 
the observed results in CB populations, including significantly negative neutrality statistics 
(particularly the sensitive FS), unimodal mismatch distributions, and a star-like haplotype 
network in both coding (cytb), and non-coding (d-loop), mtDNA. However, selection can 
leave very similar genetic signatures to demographic changes (and they are also not 
necessarily mutually exclusive events), making it difficult to establish which is the 
predominant process shaping empirical data (Li et al. 2011).While the two processes may 
be distinguished from each other by whether the signature is genome-wide or local 
(demographic vs. selection, respectively), this is likely to be over-simplistic (Li et al. 2011) 
and more advanced analyses are required to confirm these initial findings. 
Selection for individual fitness has occurred since island colonisation, as is evidenced by 
the reduction in body side on each island, and particularly in Annobón (Chapter 2 and Juste 
et al. 2000). Microsatellite markers were assumed to be neutral, and no evidence 
suggesting otherwise was detected. No significant differences in selective pressures on the 
cytb fragments studied were observed between island and continental populations (through 
the Ka/Ks ratios). Given the assumption of neutrality, inferences on demographic history 




CB populations were characterised by a high haplotype (h) and low nucleotide (π) diversity 
for cytb compared to ranges observed previously in bats (Appendix 4.14). Following the 
classifications suggested by Grant et al. (1998), high h and low π (“category 2” signatures) 
can be attributed to expansion after a period of low effective population size, where rapid 
growth enhances the retention of new mutations. The six-fold higher π in d-loop analyses 
could be attributable to the faster mutation rate of the d-loop, allowing the accumulation of 
more mutations over the same timeframe. Although d-loop mismatch distribution analyses 
were supportive of expansion in CB populations, when compared to other published h and 
π values for d-loop in bats (Appendix 4.14), E. helvum h and π values were comparably 
high. This “category 4” pattern is generally attributed to secondary contact between 
previously separated lineages, or to a large population with a stable evolutionary history. 
High d-loop h and π values in P. vampyrus, P. giganteus, P. lylei and P. hypomelanus in 
Asia (Olival 2008) and Miniopterus spp. in Madagascar (Weyeneth et al. 2008) also 
proved challenging to interpret, with mismatch analyses and neutrality statistics variably 
supportive of expansion and demographic stability. In contrast, high d-loop h (0.90−0.96) 
and much lower π (0–0.013) values observed in panmictic N. noctula populations across 
Europe (Petit et al. 1999) more clearly indicated a period of expansion; likely in a scenario 
of vicariance during the last glacial maximum (18,000 years ago), where clades survived 
glacial periods in isolated refugia in Europe and subsequently expanded ~10,000 years ago.  
Little is known about the window of time over which population expansions can be 
detected, that is, how soon an expansion can be detected, and the duration of the 
persistence of signatures of expansion (Rollins et al. 2011). It is thought that initial large 
population expansions leave a strong signature which is likely to mask or obscure that of 
any subsequent expansions and contractions for ‘a long time’ (Rogers 1995). Presumably, 
the cytb gene, with its slower mutation rate compared with d-loop, still bears a stronger 
signature of rapid expansion in E. helvum, while the d-loop data may reflect a more recent 
trend towards stability. 
Given that there is high similarity between the d-loop and cytb networks, it appears 
possible to explain the evolutionary history with one scenario that represents the overall 
gene genealogy for both markers. A large area of suitable habitat supports the current 
widespread distribution of E. helvum across Africa, however this was not always the case. 
During the Pleistocene and upper Pliocene (~ 3.5 Mya – 12,000 years ago) the world 
experienced a series of major ice ages, experienced by Africa as dry glacial periods with 
forest contraction, and wetter interglacial periods with forest expansion (Hamilton 1991; 
Hewitt 2000). While vegetation types are not expected to have changed dramatically over 




forest contraction to isolated refugia (Maley:1991tp; Anthony et al. 2007). The precise 
location of these refugia is unclear, and E. helvum’s ability to traverse the dry savannah 
zones between refugia unknown. Separation of E. helvum populations in these refugia 
followed by subsequent expansion and secondary admixture (the Pleistocene refuge theory; 
(Haffer 1969)) may have resulted in separate demographic histories of different 
phylogenetic groups (Viñas et al. 2004) and could explain the heterogeneous structure of 
haplotype network and signature of spatial expansion. As a highly mobile species with 
high contemporary gene flow across a continent now covered more extensively by forest, 
the current geographic distribution of haplotypes is panmictic and no longer shows any 
spatial association which would indicate which haplotypes came from which refugia. 
 
While census population sizes of E. helvum are impossible to determine, effective 
population sizes estimated in IMa2 analyses were considerably smaller than expected e.g. 
~5 million for continental populations. Of the numerous potential factors resulting in 
Ne<N, the rapid expansion observed in continental populations of colonisation bottlenecks 
for the island populations seems likely (Charlesworth 2009), however selective sweeps 
must also be considered. A selective sweep is a process where positive selection for a 
favourable mutation can rapidly lead to fixation, with an accompanying an increase in 
frequency, or fixation, of closely-linked neutral sites (Smith & Haigh 2007). Since the 
isolation-with-migration model assumes neutrality, the presence of selective sweep would 
be a violation to this model, and make Ne estimates unreliable 
Alternative reasons for Ne<N were reviewed by Charlesworth et al. (2009 and references 
within), and could include: 
i) A sex bias in reproduction. Pregnancy rates approach 100% in reproductive age females 
in E. helvum, however the mating system is unknown. Future behavioural studies should 
aim to investigate whether sexual selection is present among males, which could result in a 
reduction in the proportion of males breeding. 
ii) A large variation in offspring number. While it is unlikely that this would to play a 
major role for E. helvum within a given season (due to high pregnancy rates and absence of 
twin pregnancies (Mutere 1967; Funmilayo 1979)), small variations in reproductive output 
could occur as a result of large differences in lifespan. While the mean age of adult bats 





iii) Age and stage-structure. In annually breeding species with overlapping breeding age 
structure such as E. helvum, Ne is often reduced compared to the number of breeding 
individuals in the census population. 
iv) Mode of marker inheritance. Estimates of Ne from mtDNA are expected to differ to that 
of nuclear markers, but the direction is dependent on the degree of sexual selection. 
Indeed, questions have been raised over the usefulness of mtDNA for inferring mammalian 
population sizes (Nabholz et al. 2008). Incorporation of nuclear markers into future 
coalescent analyses should help to resolve this. 
 
iii) The colonisation history and divergence of the Gulf of Guinea island populations 
While recognising that mtDNA data are unlikely to be able to completely distinguish 
between competing phylogeographic hypotheses (Avise 1987), and that reconstructions 
should be presented with caution, they serve as a starting point for exploring species 
histories and for comparison to alternative analyses. Of relevance here is the observation 
that with time, extrinsic barriers to gene flow should eventually result in reciprocal 
monophyly among two or more populations. During intermediate times of separation, 
however, a paraphyletic relationship is expected, where lineages from ancestral 
populations still exist in both daughter populations. Recent studies (see Hey 2006) indicate 
that it is not unusual for some gene flow to be maintained during the speciation process. 
Strengths and weaknesses for various colonisation scenarios can be obtained by comparing 
results across different gene genealogies, with phylogenies of sympatric species with 
similar life histories, and by identifying whether the phylogenetic gaps correspond with 
geographical barriers. 
The timing of the arrival of E. helvum on continental Africa is unknown, however, the 
species was estimated to have diverged from E. dupreanum ~6.8 − 8.4 Mya. Príncipe, São 
Tomé and Annobón formed 31, 13, and 4.8 Mya, respectively, and were all volcanically 
active within the last 5 My (Lee et al. 1994). It can be assumed, therefore, that at some 
point after species divergence and island formation, daughter island populations were 
founded by a small number of individuals from an ancestral continental E. helvum source 
population. 
In his seminal work considering the prehistoric movement of mammals between different 
land masses, Simpson (1940) conceived a ‘sweepstakes’ scenario of island colonisation, in 
which a barrier to colonisation exists and “crossing it at any one time is highly improbable 
but is not impossible”. In this analogy, a successful colonisation firstly relies on a species 




crossing. In the case of E. helvum, this equates to not only having the ability to fly but also 
having a body shape equipped for long-distance movements (e.g. a high wing aspect ratio). 
Once ‘in’ the sweepstake, the success of having a ‘winning ticket’ cannot be predicted but 
is expected to be assisted by chance events, such as strong winds or storms. It is expected 
that at some point in time, such an event combined with a strong flight capability, has 
meant that E. helvum has had a winning ticket to the islands. Wind-assisted dispersal may 
have occurred from the east (via strong line squalls flowing from the continent towards the 
islands (Hayward & Oguntoyinbo 1987), or high altitude African Easterly jets (Cook 
1999)) or in a south-westerly direction (via the ITCZ seasonally bringing dry harmattan 
winds from the north). While Bioko is currently at the southern extent of these winds, it 
has been predicted that the ITCZ was shifted further south during glacial maxima (Dawson 
1992). Although the sweepstakes theory of colonisation has been controversial at times, 
there are many recognised cases where it best describes the most likely mode of 
colonisation (Springer et al. 2011), particularly in the colonisation of mammals from 
Africa to Madagascar. 
E. helvum is capable of long-distance dispersal, and in the absence of major barriers within 
the continental distribution, intraspecific phylogeographic structure is low. In contrast, 
oceanic barriers to gene flow have resulted in intraspecific phylogeographic structure 
between the CB and iIS populations. Haplotype diversity is expected to decrease with 
successive colonisations, and here decreases from highest to lowest as follows: Bioko>São 
Tomé>Príncipe>Annobón, and the highest pairwise ΦST (0.77, p<0.001) was between 
Príncipe and Annobón. This pattern would be consistent with colonisation of São Tomé 
from the continent, and subsequent 'steps' in either direction (i.e. colonisation of Príncipe 
from São Tomé and Annobón from São Tomé). However, the effect of isolation and 
genetic drift according to island size could be overriding the original colonisation 
signature. With the large overlap in marginal distributions in preliminary coalescent 
analyses, it was not possible to confidently infer the order of colonisation to the islands at 
this stage. 
Gene flow was consistent with degree of isolation, being lowest to and from Annobón, and 
higher between São Tomé and Príncipe than between either island and CB populations. 
Finally, these results are also consistent with nuclear DNA genealogies, as demonstrated 
by three highly supported clusters, indicating that this phylogeographic structure is 
representative of the species history on the islands as a whole, rather than just a single gene 
genealogy. 
Following Avise’s phylogeographic hypotheses, it appears that the resultant separation of 




lineage sorting. Partial sorting in line with geographic barriers appears to be in progress. 
Only three haplotypes exist on Annobón: a small number in Hap111, a single individual 
from the predominant continental haplotype (Hap2), and the majority of individuals with 
Hap8. Conversely, a smaller proportion of STP individuals have Hap8, with the vast 
majority either in Hap111 or related haplotypes. If the observed gene flow is indeed 
sufficiently low to prevent divergence by genetic drift, with time, it may be expected that 
Hap 111 becomes private to SPT and lost to Annobón, and Hap 8 is lost to STP.  
When daughter populations are formed during colonisation events, they can be expected to 
carry a signal reflecting the demographic history of the parent population, however factors 
such the timing of colonisation in relation to demographic events in the parent population, 
the number of colonisers to the islands, and subsequent gene flow will determine if this 
will be an accurate or biased reflection (Taylor & Keller 2007). Haplotype diversity was 
much lower on the islands than in continental populations, while nucleotide diversities 
were only marginally reduced (Table 4.5). This category I type pattern (Grant & Bowen 
1998) could result from low diversity in the source population at the time of colonisation, 
colonisation by a small number of founder individuals, or, especially since the effect is 
more marked as island size decreases, lineage sorting and genetic drift (Avise et al. 1984). 
 
The spatial expansion model could not be rejected for all populations and displayed a 
better fit to mismatch distributions than the demographic expansion model (particularly for 
Ghana and the iIS). The signature left behind by a spatially expanded population is 
expected to be unimodal when gene flow is high (as was observed in CB populations), 
since any new mutations which arise are likely to mix thoroughly among populations and, 
if the population size is large, most coalescent events date back to a most recent common 
ancestor present in the pre-expansion source population (Ray et al. 2003; Excoffier 2004; 
Excoffier et al. 2009). Alternatively, if gene flow is low following spatial expansion, 
mismatch distributions are expected to be bi- or multi-modal (as was observed in iIS 
populations, with peaks at 0–1 and ~ 7 bp differences). The bi-modal distributions reflect 
the admixture of two divergent mtDNA lineages among the introduced haplotypes. Since 
population sizes are small and any new mutations are unlikely to migrate away, more 
coalescent events are expected in the recent past. 
This admixture could be consistent with various scenarios, including single or multiple 
colonisation events, changing rates of gene flow over time, and either initial colonisation 
by individuals originating from an already admixed source pool or by a small number of 




required to be able to differentiate these scenarios (e.g. by incorporating microsatellite data 
into isolation-by-distance models, and further exploration of ABC methods). It could be 
argued that observations here appear to support divergence between the main mtDNA 
lineages in CB populations prior to colonisation (since this divergence is also present in iIS 
populations and seems unlikely to have developed in the same way twice (see also Rollins 
et al. 2011). However, findings of two highly divergent mtDNA haplotypes in an endemic 
race (nominate subspecies) of African grey parrots (Psittacus erithacus) on Príncipe means 
that secondary contact cannot be ruled out (Melo & O'Ryan 2007). One haplotype, present 
in 75% of birds sampled, appeared to have evolved in situ after colonisation from West 
African P. e. timneh populations 0.7–1.4 Mya, while the other had only recently diverged 
from Central African P. e. erithacus populations to the east. This was interpreted as 
potentially human-assisted secondary contact between two populations that had diverged in 
allopatry, and the low haplotype diversity attributed to bottlenecks following colonisation.  
This species is not present in the islands south of Príncipe, so inter-island comparisons of 
haplotype distribution and lineage sorting cannot be made. São Tomé and Príncipe forms 
(nominate subspecies) of the Malachite Kingfisher (Alcedo cristata) may provide some 
insight. Phylogenetic analyses indicated that colonisation of Príncipe from continental 
Africa is likely to have occurred before colonisation of São Tomé, and was followed by 
rapid phenotypic change and lineage sorting (Melo & Fuchs 2008) 
For E. helvum, the notable absence of the main iIS haplotype (Hap111) in CB populations 
could be as a result of insufficient sampling effort, extinction on the continent subsequent 
to island colonisation, or because this haplotype evolved in island bats after colonisation. 
Higher initial gene flow among islands when inter-island distances were reduced would 
have facilitated distribution of haplotypes among the islands. Subsequent to these events, 
low gene flow appears to be leading towards fixation of alleles in the Annobón and São 
Tomé/Príncipe clusters. 
 
iv) The relative timing of E. helvum divergence, expansion and colonisation 
Peaks in the marginal distributions in preliminary coalescent analyses indicated that 
colonisation of the islands occurred 69,000–115,000 years ago, however the large 
confidence intervals for each estimate means they must be treated with extreme caution. 
These estimates rely on a constant molecular clock rate of 2% My-1, which may not be 
appropriate at ‘intermediate’ time scales. Additionally, it was recently  identified that the 




the same method is flawed, and broad estimates of the timing over which gene flow has 
occurred are expected (Strasburg & Rieseberg 2011; Sousa et al. 2011).  
Demographic parameter estimates from coalescent genealogy samplers are not expected to 
be affected and indicate that the ancestral (presumably continental) population was much 
smaller at the time of island colonisation than it is in contemporary times, suggesting that a 
CB expansion has occurred at the time of, or after, colonisation.  
 
4.5 Conclusions 
Results from mtDNA sequences and microsatellite genotypes from genetic samples 
collected across sub-Saharan Africa indicate that E. helvum exists as a single panmictic 
continental population with extensive gene flow throughout mainland sub-Saharan Africa, 
with no evidence of segregation according to presumed north-south migration routes. 
Included in this panmictic population is the nearshore island of Bioko in the Gulf of 
Guinea, which was previously connected to the mainland via a land bridge and is still 
within nightly foraging distances for E. helvum. These findings are consistent with 
expectations in a vagile migratory species, however the extent of this panmixia was greater 
that previously detected in any other mammal or bird species. This continental population 
has undergone a period of rapid expansion, resulting in the very large Ne and census 
population size observed today. 
Populations on the more isolated oceanic islands however, show significant genetic 
differentiation. These data suggest that colonisation of the isolated oceanic islands was a 
single or small number of rare events, and that contemporary gene flow from the mainland 
is low. The two central islands of intermediate isolation (São Tomé and Príncipe) have 
high gene flow between them, whereas the most isolated, smallest population (Annobón) 
has sufficiently low gene flow for divergence due to isolation and genetic drift.  
These findings have implication for conservation and population management. E. helvum 
bats on Annobón have been proposed as a separate subspecies, based on allozyme and 
morphological data. Here, I confirm these findings and also suggest that, based on robust 
Bayesian clustering results and significant mtDNA differentiation, the São Tomé - Príncipe 
population should also be managed as a separate conservation unit (Moritz 1994). Further 
analyses of these genetic data with detailed morphological data (Juste et al. 2001a; 2001b), 
will be able to assist in determining whether this conservation unit also corresponds to a 




The finding of panmixia is also relevant for conservation of this species in continental 
Africa. Recent studies have suggested current bushmeat offtake levels in some areas may 
be unsustainable (Kamins et al. 2011). Considering the degree of connectivity implied by 
the findings here, and the migratory nature of this species, threats such as decreasing 
habitat and hunting in one country could affect the viability metapopulation as a whole. 
Despite E. helvum being a common, widespread and conspicuous species, research on this 
species to date has generally been restricted to single populations. Very little is known 
about the connectivity of these populations across the species range and presumed 
migratory routes have largely been untested. This information on population connectivity 
will facilitate a better understanding of the evolutionary history and extent of current gene 
flow in E. helvum, species conservation issues, and virus transmission dynamics in this 
species. 
 
4.6 Further work 
Multiple studies (for example, Landguth & Fedy 2011) have indicated that increased 
power, resolution and precision of results in population genetic analyses can be achieved 
through increasing the number of variable loci used, rather than the number of samples.  
While filling in ‘holes’ in sampling distribution, or extending sampling further into E. 
helvum’s West Africa distribution, may help identify whether isolation by distance exists 
over the total range, a priority would first be to develop more markers to analyse samples 
already obtained.  This could be achieved by working with the library already developed, 
however remaining microsatellites in this library were assessed as less-suitable candidates 
than those already used due to short number of repeats, complicated irregular repeats, or 
difficulties in designing suitable primers with the sequence available.  An E. helvum 
genome project is currently underway, and may assist in detecting new microsatellite sites, 





Chapter 5 Ecology of Lagos bat virus and 
henipaviruses in continental and island 
populations of Eidolon helvum 
5.1 Introduction 
With characteristics such as the capability for flight, long life spans, large and high density 
populations, and an increasing propensity to live in close proximity to humans, bats have 
been highlighted as reservoirs of many emerging zoonotic diseases (Calisher et al. 2006). 
Known examples include SARS-like coronaviruses (Li et al. 2005), henipaviruses (Young 
et al. 1996; Johara et al. 2001), filoviruses (Leroy et al. 2005) and lyssaviruses (Banyard et 
al. 2011). Next generation sequencing approaches are rapidly identifying new candidates 
(Li et al. 2010; Donaldson et al. 2010; Ge et al. 2012). In some cases, multiple potentially 
zoonotic viruses have been identified in a single host species, such as the straw-coloured 
fruit bat (Eidolon helvum). This common and conspicuous migratory species has an 
extensive distribution comprising both permanent and seasonal colonies across sub-
Saharan Africa (Funmilayo 1979; Mutere 1980). Colonies can number in the millions, are 
often in close proximity to large human settlements (Kingdon 1974; DeFrees & Wilson 
1988), and experience a highly synchronised annual birth pulse (Fayenuwo & Halstead 
1974). Cross-sectional pilot studies in Ghana identified high seroprevalences to both Lagos 
bat virus (LBV, genus Lyssavirus) and henipaviruses in E. helvum (Hayman et al. 2008a; 
2008b). While LBV had previously been isolated from E. helvum elsewhere (Boulger & 
Porterfield 1958; Pasteur 1985b; Swanepoel 1994; Kuzmin et al. 2008), the Ghanaian pilot 
study and another published in the same year (Kuzmin et al. 2008) were the first 
serological surveys demonstrating LBV antibodies in apparently healthy bats. 
Additionally, it was the first time antibodies to henipaviruses had been detected in 
mainland Africa; findings which were recently supported by detection of henipavirus-like 
RNA in this species in Ghana (Drexler et al. 2009; Baker et al. 2012). From these, and 
other recent studies (Hayman et al. 2012a; Dzikwi et al. 2010), E. helvum is now 
recognised as a reservoir for henipaviruses and LBV in continental Africa.  
A better understanding of viral dynamics within wildlife populations (including 
transmission route, and the effects of age, sex, reproductive status, geographical location, 
and as yet undefined social structures) is challenging to obtain, but crucial for 
understanding viral persistence in reservoir hosts. The study of viral dynamics within bat 




nocturnal activity and capacity for flight, and has meant that these studies have been rare in 
the past (Calisher et al. 2006). Despite the difficulties faced, studies in this field are now 
rapidly increasing due to their recognised importance for public health (Kuzmin et al. 
2011).  
Longitudinal studies have the potential to capture the true dynamics of the system over 
time, rather than a static snapshot, and have been used to investigate the within-population 
viral dynamics of LBV and other lyssavirus in wild bats (Atterby et al. 2010; Turmelle et 
al. 2010a; George et al. 2011; Hayman et al. 2012a) and under experimental conditions 
(Sulkin et al. 1960; Jackson et al. 2008; Turmelle et al. 2010b). E. helvum in Ghana show a 
strong trend of increasing seroprevalence with age, indicating endemic circulation with 
horizontal transmission (Hayman et al. 2012a). Hayman et al. also observed variation in 
seroprevalences among colonies, however, it was unclear whether this was attributable to 
actual differences due to specific reasons for each colony, or due to different age and/or 
sex structures among the colonies (Hayman et al. 2012a). LBV has been isolated from sick 
and dead wild E. helvum bats (Kuzmin et al. 2008) but efforts to detect the virus in large 
numbers of healthy E. helvum have been unsuccessful (Hayman et al. 2012a). Population-
level seroprevalences are high, with no detectable difference in survival rates between 
LBV seropositive and LBV seronegative wild E. helvum bats (Hayman et al. 2012a). This 
indicates that, at least in comparison to infection rates, LBV infection-associated mortality 
is likely to be low.  
Detection of henipavirus-like viral RNA and antibodies against henipaviruses in E. helvum 
in Ghana were novel findings, as this is outside the range of Pteropus fruit bats, the 
established reservoir hosts of henipaviruses (Halpin et al. 2000; 2011). Hendra virus (HeV) 
has been isolated from bats in Australia (Halpin et al. 2000) and Nipah virus (NiV) from 
bats in south east Asia (Chua et al. 2002; Rahman et al. 2010), however isolation of an 
African henipavirus has not yet been reported. Henipavirus serological analyses have not 
yet been performed on the longitudinal E. helvum sample set from Ghana, and knowledge 
on henipavirus dynamics in wild or wild-caught bats is restricted to a small number of 
studies in Australia and Asia, although these studies have increased in number in the past 
year (Field 2005; Plowright et al. 2008; Field et al. 2011; Sohayati et al. 2011; Plowright et 
al. 2011; Smith et al. 2011a; Breed et al. 2011a). No data exist to assess mortality in 
Pteropus spp. bats with natural henipavirus infections, but mortality has not been observed 






Longitudinal LBV and henipavirus studies are ongoing in wild and captive E. helvum 
colonies in Accra, Ghana, and proving extremely valuable. However, one disadvantage of 
longitudinal studies is that they are narrow in focus, and it is unclear how well the 
dynamics of the particular colony being studied represent the dynamics in other 
populations, or in the metapopulation as a whole. The degree of connectivity among 
populations is expected to affect this. For example, E. helvum is capable of migrating vast 
distances (e.g. up to 370km in one night and ~2500km over 5 months, Richter & Cumming 
2008) but detailed understanding of the routes and drivers of these migrations remains 
elusive. The extent to which findings from studies in Ghana can be extrapolated is 
therefore unclear. A combined approach of detailed longitudinal studies in a smaller 
number of locations, with multiple cross-sectional studies over the species’ geographical 
range, can together provide greater insight. The study presented here aims to address the 
latter, and, in conjunction with genetic population structure analyses, is highly 
complementary to ongoing work in E. helvum in Ghana.  
As described in Chapter 2, both continental and island populations of E. helvum in the Gulf 
of Guinea were investigated. Since reservoir host population size and density play a critical 
role in the ability of a species to maintain viruses that cause acute and immunising 
infections, highly connected continental populations distributed across a more or less 
continuous landscape might be expected to have quite different viral dynamics to 
populations on small isolated islands. The critical community size (CCS) is a theoretical 
population threshold describing the minimum number of individuals in a population 
required for virus persistence (Bartlett 1957). It is unrealistic to consider this threshold 
absolute; rather it should be viewed as ‘the host population size above which stochastic 
fadeout of a disease over a given period is less probable than not’ (Lloyd-Smith et al. 
2005). Lyssaviruses and henipaviruses have been shown experimentally to be capable of 
causing acute and apparently immunising infections in bats (e.g. Turmelle et al. 2010b; 
Halpin et al. 2011). Typically, pathogens causing acute immunising infections require large 
host population sizes to maintain an adequate supply of susceptible individuals to maintain 
transmission (Holmes 2009), unless birth rates are very high. In pathogens exhibiting 
density-dependent transmission, host population density shapes pathogen transmission 
dynamics via its effect on effective reproductive number (Reff): the expected number of 
secondary infections that arise from each primary infection in a partially immune 
population (Lloyd-Smith et al. 2005). Together, these factors mean that host species which 
exist in large population sizes and in high densities, are capable of acting as reservoirs for a 
greater number of viruses than smaller, low density populations (Anderson & May 1991; 




Metapopulation theory, developed in an ecological context and subsequently applied in 
epidemiological context, has demonstrated that asynchrony between sub-populations can 
enhance pathogen survival and persistence within the metapopulation as a whole (Earn et 
al. 1998). Through migration, areas of local extinction can be recolonised by new 
individuals or by reintroduction of the pathogen, and this is known as the ‘rescue effect’ 
(Brown & Kodric-Brown 1977). It has previously been hypothesised that population-level 
HeV persistence relies on a large asynchronous metapopulation, ensuring an ongoing 
supply of susceptible individuals for new infections (Plowright et al. 2011), however, this 
has not yet been tested empirically in isolated populations. Whilst henipavirus antibodies 
and virus have been detected in island fruit bats in Asia (Chua et al. 2002; Li et al. 2008; 
Breed et al. 2011b), study species were either in contact with migratory species or of 
sufficient proximity to the mainland or larger island populations that they cannot be 
considered separate from the metapopulation as a whole. Persistence within an infected 
individual is an alternative persistence mechanism receiving some attention. HeV has the 
ability to persist and fatally recrudesce in both horses and humans (O'Sullivan et al. 1997), 
and the related NiV may have this ability in humans (Tan et al. 2002) and bats (Sohayati et 
al. 2011), although population-level studies are lacking. 
Although certain conditions allowing persistence of lyssaviruses within colonies have been 
identified in hibernating species (i.e. a long incubation period and lowered mortality and 
transmission during hibernation (Vos et al. 2007; George et al. 2011)), mechanisms of 
population-level persistence of lyssaviruses have not yet been explored in non-hibernating 
species. Bat-associated lyssaviruses have been reported on some islands, including in the 
common vampire bat (Desmodus rotundus) in Trinidad (de Verteuil & Urich 1936; Wright 
et al. 2002), in multiple species in the Philippines (Arguin et al. 2002), and possibly on 
Prince Edward Island, Canada (Daoust et al. 1996). As with the henipavirus examples 
given above, in these examples, islands are within flight distance of continental 
populations of the bat host (Davis & Hitchcock 1965; Greenhall et al. 1983), or the 
presence of multiple host species with overlapping ranges may facilitate viral transmission 
and persistence. 
This chapter aims to use serology to investigate whether LBV and henipavirus antibodies 
are present in E. helvum across its continental and island range, and to explore antibody 
dynamics in populations of E. helvum, if they are present. Specific LBV assays were used, 
but as yet, no African henipavirus isolate has been reported, and no standard antigen is 
available. For this reason, each of the henipavirus assays utilised in this study was 




allowed conclusions to be more firmly drawn. Key questions addressed by the analyses 
presented here include: 
 
 1.  Do henipavirus and LBV seroprevalences differ significantly across sampling 
events? 
If so, are any differences attributable to: 
• Age structure of the colony 
• Sex structure of the colony 
• Reproductive status of females 
• Geographical location 
• Time of sampling 
• Time of sampling in relation to the annual birth pulse (the ‘phase’) 
• Body condition (body weight and forearm length) 
Given its migratory nature, it was hypothesised that LBV and henipavirus antibodies 
would be present in E. helvum populations across continental Africa. Following findings 
from E. helvum in Ghana, it was hypothesised that LBV would be endemic across 
continental Africa, with seroprevalences increasing with age, and not significantly affected 
by time of sampling, sex, reproductive status or geographical location across continental 
Africa. Very little is known about henipavirus dynamics, although studies from Australia 
suggest seroprevalence levels in host species can be highly dynamic, and influenced by 
age, reproductive status, body condition and location. While the potential drivers of 
henipavirus dynamics were explored in this study to allow comparison to limited previous 
research, results were interpreted with caution given that these data primarily arose from 
single cross-sectional surveys. 
2. Does the genetic structure of E. helvum correlate with any differences 
observed between continental and island population seroprevalences? 
Considering the isolation of E. helvum populations in São Tomé, Príncipe and Annobón 
islands in the Gulf of Guinea, and their small population size compared the those expected 
as a requirement for persistence of immunising infections, it was hypothesised that LBV 
and henipaviruses might be absent from these populations and that critical community 




3.  Is it possible to infer potential mechanisms for viral maintenance in 
continental and isolated populations? 
A number of models have been proposed to describe the persistence of lyssaviruses and 
henipaviruses in bat populations, including metapopulation, endemic infection, and latency 
or recrudescence models. Strength of support for these models in E. helvum will be 
discussed, based on the results obtained. 
 
Serological data analyses were initially conducted on a subset of the samples that were 
collected at two locations in Tanzania in two consecutive years. Next, the analyses were 
expanded to include all samples collected for this study. Finally, the relationship between 
the presence of antibodies to both of these viruses was examined, taking other factors into 
account. 
 






5.2 Methods 1 
5.2.1 Sampling locations 2 
Sampling locations for serological analyses are described fully in Chapter 2, and are shown 3 
here in Figure 5.1 and Table 5.1. Sampling was undertaken specifically for this study in all 4 
locations except for Ghana, where LBV data were incorporated from published studies 5 
(Hayman et al. 2008a; 2012a). The comparable Ghanaian data for henipavirus analyses are 6 
unpublished (Kate Baker, pers. comm.) and will be reported elsewhere. For this study, 7 
additional serial cross-sectional sampling was performed in two locations in Tanzania at 8 
the same time in two consecutive years. These two colonies (Dar es Salaam and Morogoro) 9 
are approximately 180 km apart, and while there appears to be approximate synchrony of 10 
the breeding season, the connectivity between them is otherwise unknown.  11 
 12 
 13 
Figure 5.1 Map of E. helvum distribution and sampling locations for serological analyses 14 




Table 5.1 Additional details of Eidolon helvum sampling locations and dates for serological 16 
analyses. Further details for each colony are provided in table 2.1. Phase refers to the time 17 
in months between the sampling date and the beginning of the previous birth pulse. 18 
*Ghanaian samples were analysed for a previous study.  19 
Country Region Sampling dates Estimated start of  
birthing period 
(Phases sampled) 
Annobón Adjo May 2010 15th Sep (8) 
Bioko Malabo May 2010 15th Apr (1) 
Ghana* Accra Multiple, 2007–2009 1st Mar (1,5,9,11) 
 Kumasi Mar 2008 and Mar 2009 1st Mar (1) 
 Tano Sacred Grove Mar 2008 and Mar 2009 1st Mar (1) 
Malawi Blantyre Dec 2008 15th Nov (1) 
Príncipe Novo Apr 2010 1st Dec (4) 
São Tomé multiple Apr 2010 1st Mar (1,2) 
Tanzania Dar es Salaam Aug–Sept 2009 and Aug 2010 15th Dec (8,9) 
 Morogoro Aug–Sept 2009 and Aug 2010 15th Dec (8,9) 
Uganda Kampala Sept 2009 unknown 
Zambia Kasanka NP Nov 2008 unknown 
 20 
5.2.2 Sample collection and processing 21 
Methods used for sample collection and processing, and estimation of colony sizes are 22 
described in detail in Chapter 2. The number of samples analysed using various serological 23 
assays for HeV, NiV, LBV, and other lyssaviruses is shown in Table 5.2. Tanzanian 24 
samples were also used for assay validation analyses (see section 5.2.4), and also to test 25 
assumptions in preliminary statistical analyses. This sample set comprised 48 samples 26 
from Dar es Salaam and 52 from Morogoro in 2009, and in 2010 the numbers were 65 and 27 
57, respectively. 28 
As described in Chapter 2, four different age categories were used (referred to as standard 29 
and extended age classes, age groups, and specific age in months (Table 2.3)), with the 30 
crudest observation being available for all bats, but the most precise being restricted to 31 


















































































































































































































































































































































































































































































































































































5.2.3 Detection of antibodies against Lagos bat virus 
Antibodies against LBV (LBV.NIG56-RV1) were detected using a modified Fluorescent 
Antibody Virus Neutralisation (mFAVN) assay, as previously described (Brookes et al. 
2005; Hayman et al. 2008a). Assays were performed by David Hayman and David Seldon 
at the Veterinary Laboratories Agency (VLA), Weybridge. Ancillary testing was 
undertaken on a subset of mFAVN positive and negative samples from Annobón and 
Bioko using a lentivirus pseudovirus neutralisation assay which had been previously 
validated against the mFAVN for E. helvum plasma (Wright et al. 2010). Details of 
viruses, pseudotype production methods and assays are described elsewhere (Wright et al. 
2008; 2010). In this study, assays were multiplexed with two viruses per assay LBV (as 
above) + Mokola virus (MOKV.NIG68-RV4) and Duvenhage virus (DUVV.RV131) + 
West Caucasian Bat Virus (WCBV). All samples were analysed in duplicate in both 
assays. 
As in previous studies (Hayman et al. 2008a; Wright et al. 2010), titres reported 
correspond to 100% neutralisation of pseudotype or virus input, and are reported as IC100 
endpoint reciprocal dilutions (calculated using the Spearman-Karber equation, (Aubert 
1996)). Mean neutralising titres were considered positive at >1:40 for the pseudotype assay 
and >1:9 for the mFAVN. 
 
5.2.4 Detection of antibodies against henipaviruses 
Antibodies against henipaviruses (HeV and NiV) were initially detected using Luminex 
multiplexed binding assays as previously described (Bossart et al. 2007; Hayman et al. 
2008b). Briefly, recombinant HeV and NiV soluble G (sG) glycoproteins were conjugated 
to internally coloured and distinguishable microspheres, allowing multiplexing. Antibody 
binding to each microsphere was detected after conjugation of bound antibodies with 
biotinylated Protein A and fluorescent streptavidin-R-phycoerythrin. Positive and negative 
controls included in each assay were from wild Pteropus spp fruit bats previously found to 
have extreme positive or negative values in Luminex and VNT testing. Binding results are 
given as median fluorescence intensities (MFI) of at least 100 microspheres for each virus 
type. Samples were further analysed using Luminex blocking assays and virus 
neutralisation tests (VNTs) as previously described (Bossart et al. 2007; Hayman et al. 
2008b). Blocking assays measure percentage inhibition of binding of soluble biotinylated-




equation (1 – M.F.I. serum/M.F.I. negative serum) x 100 (Bossart et al. 2007). VNTs were 
undertaken in a BSL-4 laboratory at the Australian Animal Health Laboratory (AAHL), 
Geelong. Samples exhibiting virus neutralising at dilutions of ≥1:10 were considered 
positive, which is equivalent to (Hayman et al. 2008b; Breed 2010; Halpin et al. 2011), or 
more conservative than (Plowright et al. 2008) other studies performed in the same 
laboratory. 
In Hayman et al. (2008b), Luminex assays were performed at AAHL on a Bio-Plex Protein 
Array System integrated with Bio-Plex Manager Software (v 3.0) (Bio-Rad Laboratories, 
Inc., USA). Three times the average MFI of negative bat sera was used as a threshold for 
positive reactivity for the binding assay (hereafter called the cutoff) and samples with an 
MFI > 200 were considered positive. Samples presented here were assayed on a QIAGEN 
LiquiChip machine (QIAGEN, UK) at the Institute of Zoology (IoZ), London and negative 
and positive Pteropus bat controls were different to those used in the previous study. Inter-
laboratory comparisons were therefore required not only to compare Luminex results 
between the two studies, but to help derive an appropriate cutoff. To address this, aliquots 
of positive and negative Pteropus bat controls, and E. helvum plasma collected from two 
colonies in Tanzania in 2009 and 2010 (Table 5.1), were analysed on two Luminex 
machines (AAHL and IoZ), and by VNT at AAHL. The IoZ assays were run first, and the 
operator at AAHL was blinded to these results. Additionally, inter-assay validation 
experiments are ongoing for the system in the IoZ as part of the dissertation of another 
student (Kate Baker). Although results are not presented here, they suggest that inter-assay 
differences are not likely to affect data interpretation in this study.  
Ancillary serological assays were performed on a subset of 11 samples from Annobón with 
the highest MFI values in the binding assays (> 750). Western blot analysis was performed 
at AAHL using a purified recombinant NiV nucleocapsid protein (Chen et al. 2006). 
Briefly, 50µg of protein was electrophoresed on a 12% polyacrylamide gel. The protein 
was electroblotted overnight onto a nitrocellulose membrane that, prior to this, had been 
blocked in 5% skimmed milk powder (SMP) and subsequently cut into strips. The strips 
were then incubated for 1h with individual sera (diluted 1:50 in 5% SMP). Polyclonal 
rabbit sera raised against the recombinant protein (1:2000), as well as known NiV-
neutralising Pteropus bat sera (1:50), were used as positive controls. Strips were washed 
and then incubated for 1h with Protein A/G conjugated to alkaline phosphatase (Thermo-
Fisher Scientific Inc., USA). Strips were washed and then allowed to develop in the 
presence of alkaline phosphatase reagents for 15 minutes. The marker used was 





5.2.5 Statistical analyses 
Positive assay results were interpreted as cumulative past exposure to LBV or 
henipaviruses, except as stated below with reference to neonates and juveniles. Statistical 
analyses were undertaken to detect significant variations in LBV and henipavirus 
seroprevalences across sampling events, and in relation to putative explanatory variables. 
The approach taken was to initially explore the data using univariate comparisons and χ² 
tests, followed by fitting with generalised linear models (GLMs, Hosmer & Lemeshow 
2000). Statistical analyses were performed in R (R Development Core Team 2012). 
Descriptive analyses of Luminex binding and blocking assays were used to examine 
potential cutoff points for the continuous MFI outcome. Additionally, using IoZ NiV 
Luminex MFI values and NiV VNT results, a receiver operating characteristic (ROC) 
curve analysis was used to derive statistically optimal cutoffs (Gardner & Greiner 2006) 
using the plot.roc function in the pROC package in R. Using these cutoff points to classify 
results as positive or negative, or the positive cutoff titres for neutralisation assay results 
given above, allowed results to be classified as binary outcomes. Correlation of Luminex 
binding MFI values between laboratories was assessed using linear regression (lm function 
in R). 
Chi-squared tests were performed to identify statistically significant differences in 
seroprevalence according to age, country (or region for within-Tanzania analyses), sex, 
reproductive status of adult females (non-reproductive, pregnant or lactating), year of 
sampling, and phase of sampling (where phase of sampling represented the time in months 
since the beginning of the previous birth pulse). Regression models were fitted to the data 
to assess the probability of being seropositive to LBV or NiV in relation to a number of 
explanatory variables (glm function in R). Where the outcome variable was a neutralisation 
assay result, or Luminex binding assay MFI with an assigned cutoff, the models were 
GLMs based on a binomial error distribution and logit link function. Where the outcome 
variable was Luminex binding assay MFI on a continuous scale, data were highly skewed 
and a natural log transformation was applied before fitting with linear regression models. 
Starting with a model including all putative explanatory variables (age, country, sex, 
reproductive status, year of sampling, phase of sampling, potential presence of maternally-
derived antibodies (see below), forearm length and body weight), stepwise regression was 
performed (using the step function in R). Selection of terms for deletion or inclusion 
(including two-way interactions) was based on Akaike's information criterion (AIC; where 
AIC = -2 x maximised log-likelihood + 2 x number of parameters). The optimal AIC 




ANOVAs to arrive at the minimum adequate model (hereafter, ‘best’). Analyses were 
repeated with age classified using each of the four methods described above. 
LBV and HeV seropositivity in neonate and juvenile bats has previously been attributed to 
the presence of maternally-derived antibodies (MatAb) (Field 2005; Kuzmin et al. 2008; 
Plowright et al. 2008), though this has not been conclusively determined. While the 
serostatus of an adult reflects whether it is likely to have been infected with the pathogen 
in question during its life, serostatus in a neonate or juvenile bat may represent a different 
and independent process (the likelihood that it received MatAb from its mother, and the 
degree to which these have waned over time). A binary variable, termed ‘young age’, was 
created that categorised individuals as below or above an age where MatAb could be 
expected to be present. As this information is not conclusively known, waning times 
between 3 and 24 months in 3-month intervals were explored for this parameter. Final 
selection of a waning-time for each virus was informed by biological expectations, optimal 
AIC values across models, and consideration of observed seroprevalence in categorical age 
classes, and for both viruses, 9 months was selected as the optimal value. A positive value 
for the ‘young age’ binary variable therefore reflects the potential presence of MatAb. 
Initial analyses performed on a subset of data (from two consecutive years in Tanzania) 
informed subsequent analyses for all countries. Additionally, it became clear in some 
analyses that samples from Malawi, Uganda and Zambia were outliers with large residual 
deviances and leverage, and model fits were greatly improved when these samples were 
omitted. This could be attributed to small sample sizes (Table 5.2), particularly when data 
were divided into more specific age groups, where a single individual’s serostatus could 
have a disproportionate influence on the seroprevalence for that subset. Annobón samples 
were also outliers with high leverage in LBV models, despite large sample sizes 
comparable to that in other islands. LBV models were therefore explored initially with 
samples from Ghana, Tanzania, Bioko, Principe and São Tomé, and Annobón samples 
were included in later analyses. Estimation of model coefficients and calculation of 
confidence intervals was performed using the ‘glht’ function in the ‘multcomp’ package 
(Hothorn et al. 2008), with p-values corrected for multiple comparisons (mcp option).  
Additional analyses included GLMs to investigate associations between LBV and 
henipavirus seropositivity, and assessing the correlation between serological results of 
mother and suckling offspring pairs (n=16 pairs) using Spearman’s rank correlations (LBV 
mFAVN titres) and Pearson’s product-moment correlation (henipavirus Luminex MFIs). 
To further explore signatures of waning antibodies in juveniles and sexually immature 




susceptible-immune-susceptible (SIS) model was created to predict age-specific 
seroprevalences as a function of four parameters:  
p0   =  the proportion of individuals seropositive at birth (estimated from neonate 
seroprevalence) 
λ    =  the force of infection, that is, the rate at which susceptible individuals become 
infected per year (assuming negligible infection-associated mortality)  
ri    =  the rate of antibody waning following natural infection 
rm   =  the rate of antibody waning following birth 
As discussed above, studies so far have indicated that infection-associated mortality is 
likely to be low (at least in comparison to infection rates), and infection-associated 
mortality was therefore not considered in this model. It was also assumed that the system is 
in endemic equilibrium and force of infection is constant across all age groups. The model 
was fitted to each dataset by maximising the log-likelihood function with respect to its four 






Blood samples were collected for this study from 621 bats in nine locations between 
November 2008 and August 2010. 
5.3.1 Lyssavirus serology results 
5.3.1.1 Longitudinal LBV study in Tanzania (2009–2010) 
Analyses of data from two colonies in Tanzania collected at the same time in two 
consecutive years indicated that LBV seroprevalence varied significantly, and primarily, 
with age (Table 5.3). Since specific age data were not available for the whole dataset, age 
was analysed in different ways (standard and extended age classes, age groups, and by 
specific age in months). LBV seroprevalence was consistently highest in adults and lowest 
in the 1-year-old age group (p = 0.001; Figure 5.2). There was no significant effect of sex, 
year of sampling or reproductive status of adult females on seroprevalence. Dar es Salaam 
had a significantly higher proportion of LBV positive individuals than Morogoro at the 
univariate level (p<0.05), but more adult bats were sampled in Dar es Salaam than 
Morogoro (Chapter 3).  
Table 5.3  LBV seroprevalences in E. helvum colonies in Dar es Salaam and Morogoro, 
Tanzania, partitioned by standard age class (sexually immature (SI) and adult (A)), sex and 
year. 
Year Age Sex Dar es Salaam Morogoro 
2009 SI F 40.0 % (2/5) 0.0 % (0/8) 
 
  (11.8–76.9) (0.0–32.4) 
 
 M 57.1 % (4/7) 36.4 % (4/11) 
 
  (25.0–84.2) (15.2–64.6) 
 A F 75.0 % (6/8) 37.5 % (6/16) 
 
  (40.9–92.9) (18.5–61.4) 
 
 M 53.3 % (16/30) 46.2 % (12/26) 
 
   (36.1–69.8) (28.8–64.5) 
2010 SI F 20.0 % (1/5) 20.0 % (3/15) 
 
  (1.0–62.4) (7.0–45.2) 
 
 M 57.1 % (4/7) 35.0 % (7/20) 
 
  (25.0–84.2) (18.1–56.7) 
 A F 50.0 % (1/2) 60.0 % (9/15) 
 
  (2.6–97.4) (35.7–80.2) 
 
 M 48.9 % (22/45) 40.0 % (4/10) 







Figure 5.2 LBV seroprevalences in E. helvum colonies in Tanzania by age. Left: Extended 
age class (including first year sexually immatures (SI.1), second year sexually immatures 
(SI.3) and adults (A)). Juvenile and SI.2 individuals are not present during the time of year 
that sampling was performed (i.e. 8–9 months after the birth pulse). Right: age groups in 
years from tooth-ring analyses. Data from two colonies (Dar es Salaam and Morogoro) and 
two years (2009 and 2010) are combined. Significance of differences across all age groups 
is indicated (* = <0.05, ** = <0.01). 
 
The best models overall (lowest AIC values) were those using tooth age. In age-specific 
analyses, the best model included age, ‘young age’, and sex terms in addition to age:sex 
and  age:’young age’ interactions (Table 5.4). The large standard error for ‘young age’ was 
assumed to be due to low sample sizes and explored further with the larger dataset below. 
The results suggested that seroprevalence declines with age in ‘young’ bats (consistent 
with declining MatAb), and then increases with age after this. Striking differences were 
observed between male and female predicted seroprevalence after the expected period of 
MatAb waning, posing interesting questions on potential biological differences in 
transmission (Figure 5.3). While males showed moderate increases in seroprevalence with 
age, female seroprevalence was characterised by a sharp increase with age until reaching 
100% seroprevalence at 6–7 years of age. In analyses using the same data, but with age 
recorded in age groups rather than a continuous variable, AIC values were comparable, but 
age was the only significant factor (Appendix 5.2).  
Finally, in analyses using standard or extended age classes, the best models included age, 
sex and an age:sex interaction (Appendix 5.3). This appeared to be primarily influenced by 
low seroprevalences in female SI.3 bats and female adults. The striking sex differences in 
the age-specific results (shown in Figure 5.3) were not supported in these age class 
analyses (or age-group analyses) and the patterns of seroprevalence in age class analyses 




Since no significant differences were observed between year of sampling or regions in 
Tanzania when age was accounted for, combining the data into a single ‘Tanzanian’ 
dataset for further analyses was justified. Similar analyses were then undertaken using data 
from all nine study locations. 
 
 
Figure 5.3 Fitted values from the best fitting model showing predicted LBV seroprevalence 
in Tanzanian bats by age. Age in months was included as a continuous variable, with a 
binary variable for waning of maternally-derived antibodies at 9 months of age. This result 
was not supported in analyses with other age classifications. The x-axis is given in years. 


















































































































































































































































































































































































































































































5.3.1.2 LBV results from a dataset including all countries 1 
The presence of neutralising antibodies to LBV was detected at a dilution of >1:9 in all 2 
continental and island locations (Table 5.5). In univariate analyses, LBV seroprevalence 3 
showed significant variation with age and by geographical location, most strikingly in the 4 
isolated island population, Annobón (Figure 5.4 and Appendix 5.4).  5 
Differences in the age and sex structure of populations were evident among sampling 6 
events, including a male bias in some locations (significantly greater than 50% males in 7 
Ghana and Tanzania), and a very young population in Bioko (less than 20% of bats 8 
sampled were adults, and 14/16 adults sampled were only 2–3 years of age; see Chapter 3). 9 
Sample numbers in Malawi, Zambia and Uganda were small (n=12, 9 and 4, respectively), 10 
and therefore calculated seroprevalences are prone to sampling bias. While the confidence 11 
intervals for standard age class seroprevalences in these three countries overlapped with 12 
that of other sites, they were very large and these data were removed from further analyses. 13 
Mean LBV seroprevalence was 32.8% (95% CI: 30.4–35.4%). Adult seroprevalences 14 
ranged between 26.4–51.5%, except in Annobón, where neutralising antibodies to LBV 15 
were detected in only 1 of 72 samples (bat #352).  16 
The positive mFAVN result for this Annobón sample (and 2/6 samples tested from Bioko) 17 
was confirmed using the LBV pseudotype assay, where neutralisation was observed at a 18 
dilution of >1:80. An additional two Annobón samples and one Bioko sample showed 19 
weak neutralisation of LBV pseudotype particles (>1:20). While the two Bioko samples 20 
with strong LBV neutralisation also neutralised MOKV at >1:80, no samples neutralised 21 
WCBV or DUVV. Because of the clear difference between Annobón and remaining 22 
sampling locations, Annobón samples were also omitted during initial model exploration, 23 
and added later for comparison. 24 
Across all remaining populations, no significant differences in seroprevalence existed 25 
among year of sampling, month of sampling after the start of the birth pulse (phase), or 26 
between males and females (Appendix 5.5). This was also the case within each of the age 27 
classes. While pregnant adult females were significantly more likely to be seropositive 28 
than adult male bats, there was no significant difference among adult females of different 29 
reproductive classes. Significant differences in LBV seroprevalences were observed among 30 
age classes and age groups (Figure 5.5), following the same trend as that observed in 31 
Tanzanian analyses, with seroprevalence initially declining with age, to a minimum at 32 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 5.4 E. helvum LBV seroprevalence across populations with n>70. Significance of 2 
differences across all locations is indicated (*** = <0.001). 3 
 4 
LBV seroprevalence was best described by an age-specific GLM (i.e. with age in months 5 
as a continuous variable), with age, country and ‘young age’ as significant explanatory 6 
variables, yet in contrast to the Tanzanian findings, sex was not (Table 5.6a and Figure 7 
5.6a). Sex was forced into the model to facilitate comparison with the Tanzanian dataset, 8 
yet predicted differences between the sexes were small (Appendix 5.6a). 9 
The findings from age class GLMs were similar to those above (Table 5.6b and Figure 10 
5.6b). Here, although stepwise regression initially included sex in the best model, it was 11 
non-significant in itself (p>0.1) and the model was not significantly affected by removal of 12 
the sex term (p>0.1) (Appendix 5.6b). Analyses were repeated with the inclusion of 13 
Annobón data, and indicated a highly significant difference in predicted seroprevalence of 14 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5.3.2 Henipavirus serology results 1 
5.3.2.1 Assay assessment 2 
5.3.2.1.1 Inter-laboratory variation in Luminex results 3 
Henipavirus Luminex assays in this study were performed on a different machine in a 4 
different laboratory to that used in previous henipavirus studies (Hayman et al. 2008b; 5 
Plowright et al. 2008). Inter-laboratory comparisons of Luminex results from a subset of 6 
samples enabled comparison of results, selection of the most appropriate output variable to 7 
infer henipavirus serostatus in African bats, and derivation of an appropriate cutoff point of 8 
that output variable for conversion of the data to binomial values. 9 
Good correlation was observed between NiV Luminex binding assay MFI values from 10 
machines in Australia and the UK (R2 = 0.84), but less so for HeV MFIs (R2 = 0.56) 11 
(Figure 5.7). Binding MFI values were negatively skewed, and after natural-log 12 
transformation to obtain a normal distribution, R2 values improved (0.88 and 0.68, 13 
respectively). While the correlation of results between the two machines was good, there 14 
was significant difference in the minimum sensitivities between the two machines (~100 15 
for AAHL, ~10 for IoZ), and in the absolute values (p<0.01). Methods to standardise MFI 16 
values across laboratories (against a standard negative control or ‘multiples’ of the 17 
negative control readings) were explored, however an optimal solution could not be 18 
derived (Appendix 5.8) and this area requires further work.  19 
Consistent with previous studies in Ghana (Hayman et al. 2008b), all samples with 20 
Luminex binding MFIs above background levels had higher NiV MFIs than HeV MFIs. 21 
This was interpreted here as a greater cross-reactivity (and presumably relatedness) 22 
between African henipaviruses and NiV, than with HeV. Therefore, for the remainder of 23 
the analyses, Luminex results refer to NiV assays performed on the IoZ machine, unless 24 
otherwise specified. 25 
5.3.2.1.2 Selection of the most appropriate output variable 26 
Luminex binding assay vs. Luminex blocking assay 27 
In comparisons of binding and blocking assays, while there was a general trend of 28 
increased percentage inhibition as binding MFI increased, variance was high (R2 = 0.62) 29 
(Figure 5.8). However, after natural-log transformation of MFI values, an interesting 30 




when inhibition was <5%, however at inhibition > 5%, ln(MFI) appeared to increase 32 




Figure 5.7  Correlation of henipavirus binding assay results for 122 Tanzanian E. helvum 37 
samples run on separate Luminex machines (AAHL, y-axis, and IoZ, x-axis), with linear 38 




Figure 5.8  Correlation of binding and blocking Nipah virus Luminex assay results from the 43 
IoZ Luminex machine. Left: Original scale. Right: ln(MFI). Grey dots indicate samples with 44 
percentage inhibition ≤ 5%. Linear regression was performed only on samples with 45 
inhibition >5%. 46 




Virus neutralisation test vs. Luminex assays 48 
Luminex assay results were compared to results from VNTs, considered to be the gold 49 
standard for HeV and NiV. The results presented below include samples from all locations 50 
where both IoZ Luminex and VNT assay results were available (n= 402). These include a 51 
complete set of samples from Tanzania and Annobón, and subsets of samples from the 52 
remaining three Gulf of Guinea islands (samples with MFIs >750 that were subsequently 53 
tested using VNT). The latter were used when comparing binding MFI value to VNT 54 
result, however testing bias required that they were omitted from sensitivity and specificity 55 
calculations (ROC curve). 56 
Overall, 60/442 samples (13.6%) were neutralising at ≥1:10 dilution. The minimum IoZ 57 
Luminex NiV binding assay MFI at which neutralisation was observed was 501, and 58 
samples with a NiV MFI > 9300 showed 100% neutralisation of either HeV or NiV. A 59 
high degree of overlap in the distribution of MFI values between positive and negative 60 
VNT samples was observed (Appendix 5.9), yet the proportion of samples that were 61 
neutralising increased with increasing MFI (Figure 5.9).  62 
 63 
Figure 5.9  Proportion of 402 E. helvum samples capable of henipavirus neutralisation at 64 
dilutions of ≥1:10, by Luminex NiV binding assay MFI result (left) Luminex NiV blocking 65 
percentage inhibition (right). 66 
Neutralisation was observed in samples with blocking assay percentage inhibition values 67 
as low as 2%, and 100% neutralisation was seen at > 70% NiV inhibition. Similar to the 68 
binding results, a high degree of overlap was observed in the distribution of MFI values 69 
between positive and negative VNT results (Appendix 5.10), and the proportion of samples 70 
that were neutralising increased with increasing percentage inhibition (Figure 5.9).  71 
GLM analyses indicated both binding and inhibition values were significantly correlated 72 
with VNT outcome (p<0.001). For the full dataset from all countries, fewer data were 73 
available from blocking assays than binding assays, and since both equally predicted VNT 74 




5.3.2.1.3 Derivation of the most appropriate cutoff value 76 
To enable calculation of seroprevalences from Luminex binding assay results, three 77 
methods were explored to identify an optimal MFI value to use as a positive/negative 78 
cutoff.  79 
Firstly, frequency distributions were plotted for natural log transformed NiV Luminex MFI 80 
values, using data from all colonies except Ghana (Figure 5.10). Clear bimodal peaks were 81 
observed in juvenile and adult bats, and were assumed to represent the distribution of MFIs 82 
expected for ‘negative’ and ‘positive’ bats (left and right peaks, respectively). In contrast, 83 
neonates showed a more prominent ‘positive’ peak, and sexually immature bats a more 84 
prominent ‘negative’ peak. 85 
These results give an indication of the expected distribution of MFI values for ‘negative’ 86 
and ‘positive’ bats, although in all age groups the two distributions are overlapping. In the 87 
absence of a set of positive and negative controls for African henipaviruses to establish 88 
expected ranges and standard deviations, an alternative method was required to determine 89 
a cutoff. While the position of the peak of the ‘positive’ distribution for a population may 90 
vary depending on viral dynamics (e.g. endemic versus epidemic dynamics, time since last 91 
viral exposure, number of exposures, and age structure), it is expected that the location of 92 
the negative peak should be stable among age groups and across populations.  93 
Assumptions were made that the lowest MFI possible on the IoZ machine is MFI=1, or 94 
ln(MFI) = 0, and that the frequency distribution of ln(MFI) for all negative bats had a 95 
normal distribution. The left and right tails of the distribution for all negative bats would 96 
therefore cross the x-axis at 97 
ln(MFI) = 0,  and  98 
ln(MFI) = 2 x ln(MFI) of the negative peak,  99 
respectively. Here, the negative peak consistently centred at ln(MFI) = 3 across all age 100 
groups, and therefore the maximum extent of the negative bat distribution was assumed to 101 




























































































































































ROC curve analysis was the second method used to derive an optimal cutoff point, and 
utilised unbiased sample sets tested by both Luminex and VNT (n = 334 individuals, 
Figure 5.11). Samples were considered VNT positive if they were neutralising against 
HeV, NiV or both. Two cutoff values were selected for further exploration using Luminex 
data from all countries. Firstly, an ‘optimal’ NiV cutoff was selected to jointly maximise 
specificity (79%) and sensitivity (93%) (MFI = 1172). However, it was expected that the 
specificity of VNTs using HeV (from Australia) and NiV (from Malaysia) would be 
compromised when testing the neutralising capability of antibodies from Africa, most 
likely produced against a related henipavirus. Therefore, a second NiV binding assay MFI 
cutoff was also selected to give maximum specificity (61%) while maintaining 100% 
sensitivity (MFI = 501).  
Finally, a fourth cutoff was derived from the observation that ln(MFI) increased linearly 
with percentage inhibition (calculated from linear regression of samples with inhibition 
>5%; Figure 5.8). This 5% inhibition cutoff had a corresponding binding MFI of 1645. 
 
 
Figure 5.11  ROC curve analysis of sensitivity and specificity afforded by NiV Luminex 
binding assay MFIs for predicting HeV or NiV neutralisation. Two values are highlighted on 
the curve, with specificity and sensitivity un brackets. To the left is the ‘best’ value for 
optimal sensitivity and specificity, and to the right, the point that gives maximum specificity 





The range of MFI cutoffs identified was therefore 400–1645. Seroprevalences for an MFI 
of 400 and 500 were almost identical, and were qualitatively similar to the other cutoffs 
(Appendix 5.11). Lower cutoff produced higher seroprevalences, also as expected. Trends 
in seroprevalence by age for an MFI of 400 and 500 were qualitatively more similar to 
those seen in VNT results presented below, and in another published study (Plowright et 
al. 2008). They were also consistent with waning antibody levels observed in neonates and 
juveniles in multiple published studies (Field 2005; Plowright et al. 2008; Sohayati et al. 
2011). Little difference was observed among multiple analyses using the MFI 400 and 500 
cutoffs, so, given that 500 is more conservative, and is supported by positive neutralisation 
results at this value, it was selected as the preferred cutoff.  
Henipavirus data exploration and model fitting was then performed, and results compared, 
using the following response variables: Luminex binding MFI (binomial, with the 
MFI>500 cutoff), ln(MFI) on a continuous scale, and binomial VNT results. Where 
seroprevalences are presented to facilitate comparison among colonies, the cutoff used to 
assign samples as positive or negative are based on an MFI value of 500, unless otherwise 
stated. 
 
5.3.2.2 Longitudinal henipavirus study in Tanzania (2009 – 2010) 
Henipavirus seroprevalences were initially explored in the serial Tanzanian dataset to 
assess variation among years and location. As with LBV, adults were significantly more 
likely to be henipavirus positive than sexually immature individuals (p=0.001) (Figure 
5.12). Dar es Salaam had a significantly greater proportion of henipavirus positive 
individuals than Morogoro (p<0.05), expected to be as a result of differences in the SI 
seroprevalences in each location and, as with LBV results, a result of the older age 
structure of adults in Dar es Salaam. While there was no significant effect of sex, 
reproductive status, forearm length, weight, weight:forearm length ratio, or year of 
sampling on seroprevalence in univariate analyses, plots of seroprevalence by age, region 
and year suggested interactions between some factors (Figure 5.13). The noticeably low SI 
seroprevalence in Morogoro in 2009 prompted the 2010 follow-up sampling trip, with the 
expectation that high viral transmission rates would be facilitated within a highly 
susceptible population. Indeed, seroprevalence increased in sexually immature bats in 
Morogoro from 8.7% (95% CI 2.4–26.8) in 2009 to 28.6% (95% CI 16.3−45.1) in 2010, 




Henipavirus seroprevalences in the two colonies in Tanzania, partitioned by age group, sex 




Figure 5.12  Henipavirus seroprevalences in Tanzanian E. helvum colonies by extended age 
class (left, including first year (SI.1), second year (SI.3) sexually immatures, and adults (A)); 
or age groups in years from tooth-ring analyses (right). Juvenile and SI.2 individuals are not 
present during the time of year that sampling was performed (i.e. 8–9 months after the birth 
pulse). Data from two colonies in Tanzania, both sexes, and two years (2009 and 2010) are 
combined. Seroprevalence was calculated from Luminex NiV Binding MFI > 500. 





Figure 5.13  Henipavirus seroprevalences in two Tanzanian E. helvum colonies and two 
years by standard age class (sexually immatures (SI) and adults (A)). Data from both sexes 




Table 5.7  Henipavirus seroprevalences in E. helvum colonies in Dar es Salaam and 
Morogoro, Tanzania, by standard age class (sexually immatures (SI) and adults (A)), sex and 
year. Seroprevalence was calculated from Luminex NiV Binding MFI > 500. 
Year Age Sex Dar es Salaam Morogoro 
2009 SI F 28.6 % (2/7) 11.1 % (1/9) 
   (8.2 - 64.1) (0.6 - 43.5) 
  M 63.6 % (7/11) 7.1 % (1/14) 
   (35.4 - 84.8) (0.4 - 31.5) 
 A F 75 % (6/8) 62.5 % (10/16) 
   (40.9 - 92.9) (38.6 - 81.5) 
  M 54.8 % (17/31) 55.6 % (15/27) 
   (37.8 - 70.8) (37.3 - 72.4) 
2010 SI F 80 % (4/5) 26.7 % (4/15) 
   (37.6 - 99) (10.9 - 52) 
  M 28.6 % (2/7) 30 % (6/20) 
   (8.2 - 64.1) (14.5 - 51.9) 
 A F 50 % (1/2) 71.4 % (10/14) 
   (2.6 - 97.4) (45.4 - 88.3) 
  M 58 % (29/50) 22.2 % (2/9) 
   (44.2 - 70.6) (6.3 - 54.7) 
  
The data were further explored using binomial GLMs (using the MFI>500 cutoff) and 
linear regressions (using ln(MFI) as a continuous response variable). Explanatory variables 
and residual plots gave comparable results and only results for the linear models are 
presented here.  
In age class models, age and region (and their interaction) were included in the best model 
as significant predictors of henipavirus seroprevalence (Table 5.8), reflecting the trends 
seen in Figure 5.13. Sex, year, reproductive status of adult females, forearm length and 
body weight were all non-significant.  
In contrast, age was not identified as significant when included in age group or age-
specific henipavirus models. Instead, region was the only factor included in the best model, 
but the overall fit was poor. This trend was explored further with the full dataset below. 
Given that all analyses indicated significant differences between Dar es Salaam and 
Morogoro, these sampling locations were kept separate for regression analyses using data 




































































































































































































































































































































































































































































































5.3.2.3 Henipavirus results from a dataset including all countries 1 
5.3.2.3.1 Descriptive analyses 2 
Luminex binding assays 3 
Antibodies cross-reactive with HeV and NiV sG proteins were detected in Luminex 4 
binding assays in all populations sampled across Africa (Figure 5.14 and Table 5.9). Mean 5 
henipavirus seroprevalence was 45.3 % (95% CI: 41.4−49.2%). Adult seroprevalences 6 
ranged from 29.4−57.3% with Malawi, Zambia and Uganda omitted (as with LBV results, 7 
sample sizes were small and data were omitted from comparative analyses). Age-specific 8 
seroprevalences were consistent with Tanzanian results, with SI seroprevalences 9 
consistently lower than neonate, juvenile and adult seroprevalences (Figure 5.15). A 10 
minimum seroprevalence in 1−1½-year-old bats was consistent with a decline in MatAb 11 
expected by this age. Age-specific seroprevalences in adults initially appeared to increase 12 
with age, however, the trend in older adults was less clear than for LBV results. No 13 
significant differences were observed in male or female seroprevalences (p>0.05). While 14 
mean and median Luminex binding MFI values were higher in pregnant females than all 15 
other adult bats, no significant differences in seroprevalence were detected among adult 16 
males and adult females of different reproductive status (Figure 5.16 and Table 5.9). In 17 
univariate analyses involving only adults, no significant variations were observed among 18 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 5.16  Adult male and female henipavirus seroprevalence across all countries 
sampled. From left to right: Males (M N), non-reproductive females (F NR), pregnant females 
(F P), lactating females (F L), unclassified females (F N). Seroprevalence was calculated 
from Luminex NiV Binding MFI > 500. Significance of differences across all reproductive 
class is indicated (N.S. = not significant). 
 
Other henipavirus assays 
Virus neutralisation tests performed on all samples from Tanzania detected a 
seroprevalence of 5% (2.8−8.7% CI). For Bioko, São Tomé, Príncipe, VNTs were 
performed on samples with Luminex MFIs > 750 (n = 49, 20 and 39, respectively), and 
32.7%, 50.0%, and 51.3 % were positive, respectively. Neutralisation seroprevalence 
varied by age in a similar way to that observed with Luminex results, however, with a non-
statistically significant trend of declining seroprevalence with age in adult bats (Figure 
5.17). Also, in contrast with Luminex binding MFI results, lactating females had 
significantly higher seroprevalences than adult males and non-lactating adult females 
(Figure 5.18). This trend appeared consistent across adult age groups, but sample sizes 
were small (Appendix 5.12). The difference between VNT and Luminex results was not 
due to conflicting results from each assay, but rather the different dataset (VNT = 237 
adult samples, Luminex = 529 adult samples). When Luminex analyses were restricted to 
the same 237 individuals included in VNT analyses, results also indicated that 
seroprevalence in lactating females (100%, CI: 81.6−100%) was significantly higher than 
that in other age classes. The potential for sampling biases such as this are important to 
consider when interpreting results. 
Of 69 samples from Annobón with sufficient plasma for VNTs, one sample (#331) 
neutralised HeV at ≥1:40 dilution and NiV at ≥1:80 dilution (1.4% (0.1−7.6% CI)). 




samples tested using this method. Among positive samples, reactivity to the recombinant 
NiV nucleocapsid protein varied from strong (#302, 353) to intermediate (#301, 331, 317, 
323, 328). All bats with positive results in western blot analyses were adults > 2 years old, 
except for bat #331, a primiparous female.  
Additionally, Luminex binding MFI values in Annobón (range 7−2056, median 149) were 
significantly lower than that in other countries (range 2−9973, median 337). While adult 
individuals in Annobón displayed MFI values across this range, values for individuals 
from younger age classes were restricted to within a lower range of MFIs. For example, 
19/21 individuals in the SI.1 age class (~8 months) had MFI values of <500, and the 
highest MFI was only 629 (Appendix 5.13). A similar pattern was seen in the SI.3 age 
class (~20 months, including primiparous females), where 8/10 individuals had MFIs 
<500, and the maximum was 1188 (Bat # 331). The two positive SI.3 individuals were 




Figure 5.17  Henipavirus neutralisation seroprevalences in E. helvum colonies by age group 
in years. Data from colonies in Tanzania, Bioko, São Tomé, Principe, and Annobón, both 
sexes, and multiple years (2009 − 2010) are combined. Seroprevalence was calculated from 
NiV virus neutralisation assays, with neutralisation at a dilution ≥ 1:10 considered positive. 





Figure 5.18  Henipavirus neutralisation seroprevalences in E. helvum in adult males and 
females across all countries sampled. From left to right: Lactating females (F L), non-
reproductive females (F NR), pregnant females (F P), unclassified females (F N) and males 
(M N). Seroprevalence was calculated from NiV virus neutralisation assays, with 
neutralisation at a dilution ≥ 1:10 considered positive. Significance of differences across all 
age groups is indicated (*** = <0.001). 
 
 
Figure 5.19  Results of western blot analysis. Samples with Luminex binding MFIs over 750 
were tested using a recombinant, purified NiV nucleocapsid protein. The marker is 
BenchMark Pre-stained Protein Ladder (Invitrogen); the positive control sera are NiV-





5.3.2.3.2 Detailed statistical analyses 
Whilst univariate analyses described above demonstrated an increase in seroprevalence in 
early adulthood, wide confidence intervals made it difficult to determine whether adult 
seroprevalence then reaches a plateau or continues to increase with age. As described 
below, age significantly predicted henipavirus serostatus in binomial GLMs (using MFI 
>500) and linear regression models (ln(MFI)). The inclusion of other explanatory variables 
was more inconsistent. 
Year of sampling was omitted from models as it was shown to be non-significant in 
Tanzanian analyses, and since data from other countries comprised single sampling events 
(Ghanaian data was not available for henipavirus analyses). Similarly, this meant that it 
was not possible to distinguish the phase of sampling and country. Without strong 
justification for choosing one over the other, models were examined with either country or 
phase (i.e. a categorical or continuous variable, respectively), but not both. In contrast to 
LBV results, Annobón data were not identified as outliers or as having high leverage in 
initial regression analyses, and were retained.  
In models where age was classified by standard or extended age class, age was consistently 
included in the best model for predicting henipavirus seroprevalence, however these 
models also included age:phase or age:country interaction terms. Age differences were 
largely attributable to significant differences between sexually immatures and other age 
classes. Since age and phase cannot be separated for the first 12 months of life, this could 
be artefactual. Further exploration with the dataset divided into ‘adult’ and ‘non-adult’ 
subsets identified that that non-adult samples did have high leverage on the overall model 
fit in analyses that included phase or country, and neither phase nor country was significant 
in the adult subset (despite similar sample sizes as the non-adult subset). 
The availability of specific ages for adults made it possible to explore whether there was 
any age effect within the adult age class, which is not yet studied for henipaviruses in bats. 
Here, age was again included in the best model, although the addition of other explanatory 
variables was less clear.  
Across all henipavirus models, the variables selected were somewhat inconsistent, and 
therefore no plots are shown. Age was included in all cases, however, depending on the 
age classification used, and whether data included adult or non-adults, other explanatory 
variable could include various combinations of reproductive status, forearm length, weight, 
phase, country or year. While it therefore seems justified to conclude that age is a highly 





5.3.3 Prevalence of concurrent seropositivity to LBV and 
henipaviruses 
While regression analyses identified a highly significant association between concurrent 
seropositivity to LBV and henipaviruses (p<0.001), the effect was removed once age was 
accounted for (p >0.05). 
 
5.3.4 Mother-offspring correlations in serostatus 
Comparison of assay titres from mother and suckling offspring pairs demonstrated highly 
significant correlations for both LBV mFAVN reciprocal titre and NiV Luminex binding 
MFI (ρ=0.93, p <0.001 and R2 = 0.75, p <0.001, respectively) (Figure 5.20). In particular, 
the high degree of correlation in NiV binding MFIs demonstrated the utility and potential 
sensitivity of a continuous output variable, compared to the expected lower correlation 
over a small range of mFAVN titres.
 
Figure 5.20  Correlation between LBV mFAVN log reciprocal titres (left) and NiV ln(MFI) 
values (right) of mother-offspring pairs, where the offspring was a suckling neonate. 
 
5.3.5 Force of infection and waning immunity 
The potential effect of waning immunity on predicted seroprevalence against a constant 
annual force of infection was explored. Age-specific seroprevalences, predicted as a 
function of neonate seroprevalence (p0), force of infection (λ), and two rates of waning 




LBV fit was perhaps better in the older age groups (Figure 5.21). Analyses indicated 
significant differences in the parameter set for the two viruses, especially a higher rate of 
loss of antibody in adults for henipaviruses than LBV. The expected precision of parameter 
estimates for both viruses is shown in Figure 5.22, where the true value of the parameter 
(given the data) is expected to lie within the first contour (i.e. less than a tenfold decrease 
in log-likelihood). 
The time taken to reach a trough in seroprevalence after apparent waning of MatAb was 
very similar for both viruses (~11 months). However, the initial neonate seroprevalence 
and rate of loss was higher for henipaviruses than LBV. The model predicted that half of 
neonates born with antibodies would be expected to lose these within 3.7 months (LBV, 
95% CI 2.6−6.4) or 3.3 months (henipaviruses, 95% CI 2.6−4.5). However, in 18% (LBV) 
and 15% (henipaviruses) of individuals, MatAb were predicted to persist for >9 months. 
The LBV force of infection is such that half of the susceptible population are likely to 
become infected within a period of 4 years 4.5 months, and 75% of the population are 
likely to become infected within a period of 8 years 9 months. For henipaviruses, the 
values are 3 years 3 months, and 6.5 years, respectively. However, these rates are balanced 
by waning infection-induced immunity. On average, half of the individuals with LBV-
infection-induced antibodies are expected to have no detectable antibodies after 10 years 
and 11 months (95% CI 4.7 – >> 16 years). The oldest individual in this study was 15 
years, the median age of all individuals was 13 months, and the median age of adult bats 
was 4 years 8 months, This, and the observation that the confidence intervals for LBV ri 
include zero (i.e. no antibody waning), indicates that LBV antibody waning may be 
effectively nil and presence of antibodies is close to lifelong. In contrast, infection-induced 
henipavirus antibodies had an expected half-life of 4 years (95% CI 2.4 − 13.2).  
Correlations existed between p0 and rm, and λ and ri, as demonstrated by the diagonal 
alignment of contours in these plots in Figure 5.22. The relationship between λ and ri is 
similar for both viruses, however the confidence intervals for LBV ri include zero (Table 
5.10). Note also that λ and ri occur on comparable time scales, compared to the almost 





Table 5.10  Parameter estimates from the waning immunity model, with upper and lower 
95% confidence intervals (LCI, UCI). p0, the proportion of individuals seropositive at birth; λ, 
the force of infection, ri, the rate of antibody waning following natural infection; rm, the rate 
of antibody waning following birth. *The upper and lower CIs for ri cross zero, indicating 





rm# λ! ri# λ! ri# rm#
! ! ! ! ! ! ! ! !
LBV! estimate! 43.3%! 0.189! 0.013! 0.005! 4.4! 10.9! 0.3!
LCI! 30.6%! 0.108! 0.009! 30.002! 3.4! 4.7! 0.2!
UCI! 55.9%! 0.270! 0.017! 0.012! 6.3! *! 0.5!
! ! ! ! ! ! ! ! !
Henipavirus!
(500!cutoff)!
estimate! 78.5%! 0.208! 0.018! 0.014! 3.2! 4.0! 0.3!
LCI! 65.7%! 0.152! 0.012! 0.004! 2.5! 2.4! 0.2!


















































































































































































































Figure 5.22  Contour plots showing log-likelihood estimates for each combination of 
parameter values. The central cross denotes the maximum log-likelihood for each of the 
LBV and henipavirus models, and contours represent a 10, 100 and 1000-fold decrease in 
likelihood of the range of parameter estimates supplied. p, the proportion of individuals 
seropositive at birth; lambda, λ, the force of infection, ri, the rate of antibody waning 





This study has demonstrated that LBV and henipaviruses are present endemically in E. 
helvum across continental Africa and some offshore islands, with seroprevalence varying 
primarily with age. For both viruses, seroprevalence was lowest in one-year-old sexually 
immature bats, and subsequently increased with age. Minor (yet significant) differences in 
LBV seroprevalence were observed among populations, except for the isolated island of 
Annobón, where there was a highly significant reduction in seroprevalence. Henipavirus 
seroprevalences were less consistent across sampling events, potentially also varying with 
reproductive status of females, sampling location, or phase of sampling in relation to the 
birthing period. While henipavirus assay titres and seroprevalences in Annobón appeared 
lower than in other populations, the effect was less marked than for LBV. These 
observations add to the numerous reports of the presence of lyssavirus and henipavirus 
neutralising antibodies in otherwise-healthy bats (as reviewed by Banyard et al. (2011) and 
Halpin et al. (2011)).  
 
5.4.1 Characteristics of LBV seroprevalence 
A highly significant finding was the marked difference in LBV seroprevalence in Annobón 
compared with the remainder of its continental and island range. Below, results from all 
other sampling locations are discussed initially, before the Annobón findings are addressed 
in more detail. 
Effect of Age 
The observed increase in LBV seroprevalence with age in adult bats was consistent with 
previous findings in Ghana (Hayman et al. 2012a), and supportive of endemic LBV 
infection with horizontal transmission in E. helvum across its range. Additional insight was 
provided here by modifying the age classification structure, which demonstrated that 
minimal seroprevalences occur in bats of 12–18 months of age (SI.2), and this minimum is 
missed (and seroprevalences in 6–24 month old bats averaged-out) if a single SI age class 
is used. The presence and subsequent waning of maternally-derived antibodies (MatAb) 
was supported by the high correlation of assay titres between mother-suckling offspring 
pairs (as has been demonstrated with bat rabies virus (Constantine et al. 1968)), the 
observed decline in seroprevalence over 9–12 months, and the force of infection and 
waning immunity modelling results (which demonstrated that the rate of LBV MatAb loss 




The actual waning rate of LBV infection-derived antibodies is equivocal, since confidence 
intervals were wide and included zero. Given that only a very small number of bats would 
be expected to live beyond the average predicted half life (11 years), presence of 
antibodies following LBV infection appears to be lifelong. Alternatively, since estimates 
for the force of infection (λ) and the rate infection-induced antibody loss (ri) were 
correlated, the long-term persistence of detectable antibodies may be due to multiple 
‘booster’ infections rather than a life-long immunity from a single infection. A scenario 
such as this, where bats are constantly challenged with virus throughout their life, is 
supported by experimental infections of big brown bats (E. fuscus) with bat rabies virus 
(Turmelle et al. 2010b), where antibodies developed and then waned within 6 months in 
bats after a single exposure, but persisted for longer after each repeated exposure. Together 
with the observation that some bats did not develop a detectable antibody response at all, 
this study suggests that the proportion of bats within a natural population that have 
previously been exposed to rabies virus might be considerably greater than the 
seroprevalence suggests. This has implications for parameterisation of viral dynamic 
models. 
Effect of sex and reproductive status 
Most studies to date, including this one, have found equivocal results with respect to the 
effect of sex on LBV serostatus. In Ghana (Hayman et al. 2012a), and in analyses across 
most colonies in the study presented here, seroprevalences were slightly higher in females 
than in males, but the effect was non-significant. In Tanzania, and in previous studies in 
Kenya (Kuzmin et al. 2008), males were marginally more likely to be seropositive than 
females overall, although this relationship was inverted in older adult bats in Tanzania. 
This result must be treated with caution, since the majority of the adult bats in this study 
(63 %) were 2–6 years of age (where there is a high degree of overlap in the confidence 
intervals for the two sexes in Tanzanian results). The remaining proportion of adult bats 
(37%) was spread over a larger age range (7 – 16 years), meaning there was low statistical 
power to be confident in any apparent sex differences in seroprevalences in these older 
bats. Tooth cementum analysis is required for age-determination and, therefore, large 
numbers of bats would need to be killed to examine the differences among male and 
female bats in the older age groups and explore this question further. Given that no 
differences were detected in the full dataset, it appears that no systematic relationship 
exists between sex and LBV seroprevalence.  
While lyssavirus transmission dynamics and within-population persistence has been shown 
to be driven by the hibernation and reproductive cycle in big brown bats in North America 




species. Here, no association between seropositivity and reproductive status was detected, 
however, further investigation through longitudinal studies of captive E. helvum will be 
used to look at this specifically. 
Effect of timing of sampling 
Few studies have explored lyssavirus dynamics in wild populations of other bats, although, 
one study detected high seroprevalences to EBLV-1 in Myotis myotis and suggested both 
endemic equilibrium and inter-annual fluctuations can be observed (Amengual et al. 2007). 
No differences in LBV seroprevalence were observed between 2009 and 2010 in 
Tanzanian colonies, which was consistent with similar results from Ghana and Kenya 
(Kuzmin et al. 2008; Hayman et al. 2008a). Therefore, comparisons among populations in 
the full dataset are unlikely to have been confounded by sampling date.  
Effect of geographical location 
Overall LBV seroprevalences in colonies across continental Africa, and three out of four 
islands in the Gulf of Guinea, were consistent with those previously observed in this 
species in Ghana, Kenya and Nigeria (Kuzmin et al. 2008; Hayman et al. 2008a; Dzikwi et 
al. 2010). In previous studies, associations between LBV seroprevalence and geographical 
distance have been variable, but colonies appear more likely to differ significantly as 
distance between them increases. For example, seroprevalences were not significantly 
different between colonies ~80km apart in Kenya (Kuzmin et al. 2008), marginally 
significantly different between colonies ~100–300km apart in Ghana (Hayman et al. 
2012a) and significantly different between regions ~700km apart in Nigeria (Dzikwi et al. 
2010). In those studies, the potential confounding effect of variation in adult age structure 
between colonies was not accounted for. Here, accounting for age, significant differences 
in LBV seroprevalences were observed between some colonies (Tanzanian colonies had 
significantly higher seroprevalences than Ghana (4500km away) and Bioko (3500km 
away)), but not others (including two colonies approximately 180km apart in Tanzania). 
Further sampling from intermediate colonies and over longer time scales is still required to 
determine whether any systematic geographical trends across the continent can be 
identified.  
Differences in LBV seroprevalence were expected among island populations, where 
genetic analyses indicated that dispersion rates are low. São Tome and Principe lie ~146 
km from each other and over 220 km from the mainland and Bioko island, yet 
seroprevalences were comparable to those on the mainland. This indicates that population 
sizes on each island are sufficient to maintain LBV, or that there is sufficient movement 




consistent increase in seroprevalence with age, rather than only observing seropositive 
individuals over a certain age, was suggestive of ongoing endemic circulation, though 
longitudinal data would be required to confirm this. Potential mechanisms of persistence 
on these islands are discussed further below. 
Finally, in Annobón, only one adult male bat (# 352) demonstrated neutralising antibodies 
to LBV using the gold standard mFAVN and a validated lentiviral pseudotype assay. In 
contrast to bat #331, which had henipavirus neutralising antibodies, there was nothing 
about this individual’s morphology to suggest that it may have been an immigrant. This is 
the lowest LBV seroprevalence observed in an E. helvum colony to date, and with only a 
single positive individual, evidence for the presence of LBV in this isolated population of 
E. helvum annobonensis is not strong. These data therefore suggest that, either i) this 
population of E. helvum annobonensis is refractory to LBV infection, ii) mixing of E. 
helvum annobonensis with E. helvum from the mainland and other islands is sufficiently 
rare to prevent inter-population transmission of LBV, iii) the population is too small to 
support persistent transmission, or iv) a different LBV strain or species exists which does 
not effectively neutralise the LBV-Nigeria strain used in mFAVNs. Further studies are 
required to confirm the presence or absence of LBV in E. helvum annobonensis. 
 
5.4.2 Characteristics of henipavirus seroprevalence 
Henipavirus antibodies were detected in all E. helvum colonies sampled across its 
continental and island range. These data comprise the second report of henipavirus 
antibodies in continental Africa, and are the most comprehensive dataset and analyses to 
date. Assay titres suggested that the henipaviruses circulating in Africa are more closely 
related to NiV than HeV, but detailed comparisons to NiV seroprevalences in bats 
elsewhere were not possible since only population-level seroprevalences have been 
reported. Results here are therefore compared to three longitudinal serological HeV studies 
in Australia. Firstly, Field (2005) conducted cross-sectional serosurveys in wild 
populations of all four Australian flying fox species (Pteropus alecto, P. conspiculatus, P. 
poliocephalus and P. scapulatus) across 14 locations over a 3 year period, in addition to a 
longitudinal study of captive P. conspiculatus and P. alecto flying foxes. Plowright et al. 
(2008) investigated seroprevalence dynamics in nomadic little red flying-foxes (P. 
scapulatus) over 16 months, and Breed et al. (2011a) recently published results of a 
longitudinal study of a single spectacled flying fox (P. conspiculatus) roost over a period 




Effect of Age 
All analyses identified age as a significant predictor of E. helvum henipavirus 
seroprevalence. A decline in antibodies in juvenile and sexually immature individuals, 
followed by a rise in seroprevalence with age, is consistent with observations in Pteropus 
spp in Australia (Plowright et al. 2008; Breed et al. 2011a). In addition, an increase in 
seroprevalence with age was detected within the adult age class (in adult-only GLMs and 
force of infection/waning immunity model). Together, these results are supportive of 
horizontal transmission as the primary mode of viral transmission. This result has not been 
detected in previous Australian studies, potentially as a result of low overall 
seroprevalence when teeth were collected (Plowright et al. 2008) or because age was only 
crudely assessed by morphology (Breed et al. 2011a). 
Results indicate henipavirus antibodies are present in E. helvum neonates at birth at levels 
proportional to those in the mother, and wane over a period of up to 12 months. Although 
two previous longitudinal studies have also demonstrated strong associations between the 
serostatus of individual female bats and their suckling neonates (Field 2005; Sohayati et al. 
2011), it has not been conclusively determined whether the presence of antibodies in this 
age group is as a result of passive maternal antibody transfer, or indicative of vertical 
transmission (Field 2005). The latter was proposed after HeV was detected in foetuses of 
wild-caught (Halpin et al. 2000) and experimentally infected bats (Williamson et al. 1999), 
and as a plausible explanation for apparent seroconversion several weeks after birth in 
three out of eight pups born to seropositive dams, and the presence of HeV antibodies in 
captive wild-caught juveniles for at least 6 months (until the study ended) (Field 2005). 
Sohayati et al. (2011) demonstrated persistence of detectable NiV antibody levels in some 
captive wild-caught juveniles until an estimated age of 9–14 months, which is also 
consistent with the findings here.  
While vertical transmission cannot be ruled out as a contributory mechanism (Field et al. 
2011), findings presented here suggest the majority of the antibody decline in younger bats 
can be attributable to the loss of MatAb. Firstly, passive immunity (i.e. via MatAb) is 
expected to wane more rapidly than infection-induced immunity, and was observed here by 
rm>>ri in the force of infection and waning immunity model. Secondly, a transition in the 
ln(MFI) frequency distributions from a strong weighting towards ‘positive’ serostatus in 
neonates, to an intermediate weighting in juveniles, and finally a more ‘negative’ 
weighting in sexually immature bats, suggests rapid waning of detectable antibodies over 





Effect of sex and reproductive status 
No significant difference in henipavirus serostatus between males and females was 
detected here, as in other studies (Field 2005; Hayman et al. 2008b; Plowright et al. 2008; 
Breed et al. 2011a). 
While previous studies have suggested an increased risk of HeV seropositivity in pregnant 
and lactating female bats (Plowright et al. 2008; Breed et al. 2011a), here, the effect varied 
considerably among different analyses and datasets. Plowright et al. (2008) observed 
significantly higher seroprevalences in pregnant and lactating females during one birthing 
season than in non-pregnant females and males at this time. However, this was not 
detected during other birthing or non-birthing seasons, and age may have been a potential 
confounding factor since sexually immature bats were included in analyses. Nonetheless, 
these findings were supported by Breed et al. (2011a), who performed similar analyses 
with and without sexually immature bats included. A significantly lower seroprevalence 
was detected in non-reproductive adult females compared with pregnant and early-stage 
lactating adult female bats, but not with those in late lactation. This was interpreted as a 
rapid loss of detectable antibodies in females following lactation, and it was concluded that 
detectable immunity in P. conspiculatus is not long-lived. Rapid rates of antibody decline 
have also been detected in captive Pteropus spp. bats (Field 2005; Sohayati et al. 2011). 
Here, the estimated half life of infection-induced henipavirus antibodies in E. helvum (4 
years) was less than that estimated for LBV (~ 11 years), but far short of the less than 
annual half life suggested in the studies above. This could indicate a fundamental 
difference between henipavirus dynamics in E. helvum and HeV dynamics in Pteropus 
spp., or that shorter cycles of repeated infection-waning-reinfection may be masked in the 
data analysed here. 
It is not possible to make further comparisons here, and more data are required from 
additional longitudinal datasets to properly address these questions.  
 
Effect of geographical location and time of sampling 
In univariate analyses, significant differences were observed among countries. However, 
here and in other studies, the timing and location of sampling are potentially confounded 
by other variables (Field 2005; Plowright et al. 2008). Field (2005) detected significant 
differences between both sampling location and sampling year and HeV serostatus when 
other factors were taken into account, and concluded that HeV infection persisted across 
heterogeneous subpopulations, with waxing and waning of immunity setting conditions 




location on seroprevalence within a season, yet proposed that significant differences 
observed among seasons suggested a regional, but not temporal, synchrony. Again, age 
may have been a confounding factor in this finding, as these analyses were not age-
structured and the steady decline in overall seroprevalence demonstrated from the 
beginning of the birthing season in autumn, to winter and spring 2005, was mirrored by the 
decline in MatAb levels in neonate, 3-month, and 6-month old bats over this same time 
frame. While waning MatAb in these age classes is unlikely to be a sole contributor to the 
population-level trends, it is crucial that factors such as this are taken into account before 
alternative hypotheses are explored.  
 
Effect of body size and condition 
Plowright et al. (2008) detected marked increases in HeV seroprevalence at a time when 
the bats sampled were in poor body condition, and attributed the increased seroprevalence 
to poor nutritional status and related stress. Here, univariate analyses did not support 
significant effects of forearm length, body weight or weight:forearm length ratio on 
henipavirus seroprevalence, which is in contrast to Plowright et al. (2008) but consistent 
with Breed et al. (2011a). However, in contrast to Breed et al., but consistent with 
Plowright et al., these factors were also not consistently selected in best GLMs.  
 
Henipaviruses in the Gulf of Guinea islands 
As with the LBV results, henipavirus seroprevalences on São Tomé and Príncipe were 
comparable to those on the mainland. However, in contrast to LBV results, and contrary to 
expectations, henipavirus seroprevalences in Annobón were within the range of that 
observed in all other populations.  
The presence of high MFIs, positive western blot results, and a seropositive VNT in older 
bats in Annobón, suggests that virus has circulated within this population within the 20 
months prior to sampling. More-detailed age-specific seroprevalences would be required to 
determine if this represents a single epidemic wave or ongoing endemic circulation. Bat 
#331, the only bat positive in all henipavirus assays, was classified as ‘sexually 
immature/primiparous’ due to current pregnancy, but a lack of developed nipples. Given 
the near 100% reproduction rate for adult females, this is usually sufficient for 
differentiating adult from sexually immature females. Interestingly, this bat’s forearm 




range expected for bats from the continent and São Tomé, however, she was not identified 
as a recent migrant based on genetic analyses (Chapter 4). 
It is unclear at this stage whether the lower range and median of MFI titres in Annobón 
represents less cumulative exposure to henipaviruses, or differences in assay sensitivity to 
potentially divergent henipaviruses on this isolated island. 
 
5.4.3 Mechanisms of population-level viral persistence 
Given that population genetic analyses (Chapter 4) demonstrated that E. helvum exists as 
one large panmictic population with extensive gene flow throughout continental sub-
Saharan Africa and Bioko island, widespread seroprevalence to these viruses was expected 
across this range. While the populations are genetically panmictic, they are spatially 
clustered across this range and it was hypothesised that asynchrony within the 
metapopulation would ensure an ongoing supply of susceptible individuals for new 
infections. 
LBV 
Contrary to other mammalian species, where lyssavirus infection is almost invariably fatal, 
high lyssavirus-neutralising antibody prevalences are commonly observed in wild bat 
populations, implying ongoing viral circulation and persistence at the population-level 
(Banyard et al. 2011). While recovery from subclinical infections has been suggested by 
some studies (Aguilar-Setien et al. 1999), these high seroprevalences are generally 
considered to reflect the fact that a high proportion of bats in the population have been 
sufficiently exposed to the virus to mount an immune response, but not result in infection 
of neurological tissues or development of clinical signs (i.e. an ‘abortive’ infection) 
(Kuzmin et al. 2011). The potential for persistent infections to occur within individuals 
(i.e. a carrier state) has also been suggested, though this is highly controversial and an area 
of active research. Additionally, while abortive infections appear to be relatively common 
in bats, they may not be unique; survival and development of neutralising antibodies 
following lyssavirus infection has been proposed in other species, e.g. dogs (Soulebot et al. 
1982; Cleaveland & Dye 1995; Cleaveland et al. 1999; and references therein), hyenas 
(East et al. 2001), and sheep (Tjørnehøj et al. 2006; Brookes et al. 2007).  
In bats that do succumb to clinical lyssavirus infections, incubation period may be variable, 
and some studies have indicated a relationship between dose of inoculum, incubation 
period and virus shedding (e.g. Baer & Bales 1967; Turmelle et al. 2010b). In experimental 




2010b) or as long as ~4.5 months (Turmelle et al. 2010b), or even 9 months (Pajamo et al. 
2008) have been reported. Long incubation periods may facilitate lyssavirus persistence in 
temperate insectivorous bats; with lowered mortality and transmission during the 
hibernation period followed by an influx of susceptible individuals as a result of a seasonal 
birth pulse after hibernation being important contributory factors (Vos et al. 2007; George 
et al. 2011). No studies could be identified that examined mechanisms of persistence 
across multiple highly connected populations, or in tropical species. However, a long 
incubation period might also facilitate viral persistence between periods of high density 
contact or birth pulses in migratory bats, such as mainland E. helvum (Banyard et al. 2011). 
Despite considerable effort, natural and experimental studies on lyssavirus transmission, 
pathogenesis, and serological response in bats have produced highly variable intra- and 
inter-study results that, in many cases, are difficult to interpret. Further studies are 
required. 
While no estimations for critical community size exist for lyssaviruses in bats, it was 
expected that estimated population sizes on the isolated islands of São Tomé, Príncipe and 
Annobón might be too small to allow persistence of lyssaviruses. Although this may be the 
case for Annobón, seroprevalences in São Tomé and Príncipe were not significantly 
different to those in continental Africa. Genetic analyses suggested very low levels of gene 
flow to each of the isolated islands from continental Africa, but much higher gene flow 
between São Tomé and Príncipe, and an ‘out of season’ lactating female (with suckling 
neonate) was detected in Principe when no other pregnant or lactating females were 
present. Dispersal of bats between these two islands may therefore be sufficient to increase 
the effective population size of susceptible individuals, an effect that might be further 
enhanced by the apparent asynchrony in birthing periods between the two islands. 
Alternative hosts may offer another mechanism for persistence in mainland and island 
populations. The presence of multiple bat host species has also been demonstrated on other 
island systems where bat-associated lyssaviruses exist, but their contribution to lyssavirus 
persistence has not been investigated (de Verteuil & Urich 1936; Arguin et al. 2002; 
Wright et al. 2002).While LBV has been detected in several bat species in Africa, with 
ranges highly overlapping with that of E. helvum (Appendix 5.14), nothing is currently 
known about the role that inter-species transmission plays in the maintenance of LBV in its 
host populations. Of all these species, only one is present on the isolated Gulf of Guinea 
islands, R. aegyptiacus, the Egyptian fruit bat. This is a cave-roosting species, and mixed 
colonies with E. helvum are unlikely. However, small numbers of R. aegyptiacus were 
caught at E. helvum netting sites (n=3), indicating they at least share the same habitat. LBV 




2004; Kuzmin et al. 2011), and seroprevalence levels comparable to that found in E. 
helvum were detected in Kenya (Kuzmin et al. 2008). It is therefore feasible that the R. 
aegyptiacus subspecies present on São Tomé and Príncipe may facilitate persistence of 
LBV, or indeed be a primary reservoir itself.  
Interestingly, R. aegyptiacus is absent on Annobón, where findings here indicate LBV is 
either absent or at an exceedingly low prevalence. There is only one record of another bat 
species being present on the island (the Mauritian tomb bat, Taphozous mauritianus), an 
insectivorous species which has a widespread distribution across Africa, similar to that of 
E. helvum (Juste & Ibañez 1994). However, T. mauritianus has not been observed in 
subsequent surveys in Annobón, and if it is still present on the island, appears extremely 
unlikely to be contributing to viral persistence in E. helvum annobonensis. A list of bat 
species identified by Juste and Ibañez (1994) and the IUCN red list (2011) indicates that 
diversity of bat species decreases according to island size within the Gulf of Guinea chain. 
The small island effect on persistence of viruses in host populations may be buffered by 
the presence of additional host species, particularly when breeding cycles are 
asynchronous. Further studies are required to assess whether interplay between these two 
reservoir species plays an important role in LBV dynamics, or whether simply the smaller 
overall diversity on Annobón and small population size is a sufficient explanation. 
 
Henipaviruses 
It had been hypothesised that population-level persistence of henipaviruses in bats relies on 
a large, weakly-coupled, asynchronous metapopulation (Field 2005), and that populations 
can experience either acute ‘explosive’, or slow ‘smouldering’ epidemics as a result of 
spatial heterogeneity in population herd immunity (Plowright et al. 2011). In this 
metapopulation model, an ongoing supply of susceptible individuals for new infections, via 
movement among subpopulations or seasonal demographic changes, ensures 
metapopulation-level persistence. In addition to serological evidence, findings from studies 
using virus isolation and detection of henipaviruses from urine using PCR (polymerase 
chain reaction) suggest spatial and temporal heterogeneity in henipavirus transmission that 
is supportive of the metapopulation model (Wacharapluesadee & Hemachudha 2007; Field 
et al. 2011). Recent work detected high diversity of HeV isolates and sequences within 
colonies, yet the same variant was also detected in colonies separated by 850km (Smith et 
al. 2011a). These findings have recently been replicated in E. helvum in Africa, where a 
diverse range of paramyxovirus sequences, including henipavirus-like sequences, were 




2012), and closely-related sequences were also detected in urine collected from the same 
E. helvum roosts in Uganda and Tanzania as analysed here (Peel, Baker and others, 
unpublished results).  
An endemic infection pattern of henipaviruses was recently proposed as an alternative 
mechanism of persistence. Over a certain time frame, for a virus to be in endemic 
equilibrium within a population, an overall balance must exist between increases in the 
proportion of immune individuals (through infection and seroconversion), with 
proportionate losses of immunity (though introduction of new susceptibles with birth, or 
loss of immune individuals through waning immunity or death). Within this time frame, 
fluctuations around an endemic steady state are expected. Whilst results were interpreted 
as being supportive of an endemic infection pattern, Breed et al. (2011a) actually detected 
a steady and significant increase in seroprevalence in a single colony over > 2 years. This 
indicates that fluctuations around the steady state within this endemic system are either 
experienced over a long time scale, or alternatively, that the system is not in fact at 
endemic equilibrium. In the latter case, these results could be obtained if; the force of 
infection is changing over time (for example, through different contact rates); the 
population studied is an aging population, with negligible inputs from births compared to 
deaths of older animals (for example, if a large proportion of young cohorts died); or that 
there was some systematic effect on laboratory analyses. This system is intriguing and 
further sampling from this colony, and comparison to longitudinal henipavirus data from 
Ghana when these results become available, would be beneficial. 
The critical community size (CCS) for henipavirus persistence in wild bat populations is 
unknown, however in other species, the CCS for other immunising paramyxoviruses is in 
the order of hundreds of thousands of individuals, or more (Swinton et al. 1998; Pomeroy 
et al. 2008). Despite the small population size (1600–2500 individuals) results presented 
here indicate that the fruit bats on Annobón have previously been infected with a virus, or 
viruses, which are serologically cross-reactive with HeV and NiV. Given the low level of 
E. helvum gene flow to Annobón, it is unlikely that an infectious immigrant arrived within 
the 20 months prior to sampling, however, the presence of a serum neutralising 
primiparous female significantly larger than all other adult bats opens up this possibility. 
Given that she clustered genetically with other Annobónese individuals, human error in 
recording her forearm measurement is another possibility. 
Alternative hypotheses for persistence include very long infectious periods, or that there is 
persistence of henipavirus infection within individuals with intermittent shedding or 
recrudescence, such as during times of stress or breeding. HeV has the ability to persist and 




NiV has also been shown to recrudesce as encephalitis in humans as long as 4 years after 
the initial infection (Tan et al. 2002), and could also have this ability in bats (Sohayati et 
al. 2011), but population-level studies are lacking. Transmission of NiV to in-contact bats 
following recrudescence was indicated in the latter study. Whilst henipavirus antibodies 
and virus have been detected in island fruit bats in Asia (Chua et al. 2002; Li et al. 2008; 
Breed et al. 2011b), study species were either in contact with migratory species or of 
sufficient proximity to the mainland or larger island populations that they cannot be 
considered isolated from the metapopulation as a whole (Epstein et al. 2009; Breed et al. 
2010). The presence of previously infected bats in the very small population on the most 
isolated island, Annobón, may provide evidence from wild bat populations for viral 
persistence within individuals, with recrudescence as a mechanism for population-level 
persistence. While findings in continental Africa could be consistent with a metapopulation 
model of persistence, as previously proposed for HeV, findings from Annobón indicated 
that this model is not required to explain persistence of henipaviruses in E. helvum.  
It is unclear how soon E. helvum arrived on Annobón island after it was formed 4.8 Mya. 
No known records exist as to whether E. helvum bats were present at the time of 
Portuguese colonisation in the late 15th century, however, the degree of genetic and 
morphological differentiation present in E. helvum annobonensis is indicative of 
independent colonisation by the bats much earlier than this. In the absence of viral 
sequences from Annobón, it is not possible to conclude whether henipa- or henipa-like 
viruses demonstrated here were introduced to Annobón at the time of E. helvum 
colonisation, or by rare dispersal events. Support for the former lies in the long 
evolutionary history between fruit bats and henipaviruses (Halpin et al. 2007; 2011). 
Obtaining viral isolates or sequence data from bats on Annobón would help clarify this. 
 
5.4.4 Luminex binding assay cutoff 
The study presented here also addressed issues commonly encountered in serological 
surveys in wildlife, that is, unknown cross-reactivity between circulating and assay viruses, 
interpretation of results in the absence of a well characterised, gold standard assay, 
determining a positive/negative cutoff point for substitute serological assays, and 
consideration of the appropriateness of a strict cutoff given the dynamic nature of antibody 
levels within populations (Turmelle et al., in review).  
While henipa- or henipa-like viruses have been previously detected serologically or by 




virus has been isolated to date. The cross-reactivity in HeV and NiV serological assays has 
enabled henipavirus seroprevalences to be inferred in E. helvum, but in the absence of 
virus isolation, the degree of cross-reactivity to heterologous viruses is unknown. The 
likelihood that a diverse range of related viruses are circulating within E. helvum has 
important implications for the interpretation of serological results. These uncertainties will 
remain until further sequences or viral isolates are identified, and in the meantime, results 
from current assays must be interpreted with caution.  
Following the development of highly sensitive binding assays for detection and 
differentiation of henipavirus antibodies, and a surrogate virus neutralisation assay that 
avoids the requirement for high biocontainment facilities, Luminex multiplexing 
technology has been extremely valuable in detecting antibodies to HeV and NiV in bats, 
horses, pigs, humans and other species for diagnostic and research purposes (Bossart et al. 
2007; Hayman et al. 2008b; 2011). High-throughput assays are valuable for sample 
screening or population-level surveillance, with subsequent confirmation with the gold-
standard HeV or NiV neutralisation assay (OIE 2010) where required. Luminex assays 
utilise soluble forms of HeV and NiV G (sG) glycoproteins, which are responsible for 
attachment of the virus to a receptive host cell (Bossart et al. 2005). Important functional 
and structural features of the viruses are retained in the sG glycoproteins. For example, 
they have the ability to elicit specific and neutralising antibody responses in rabbits, bind 
to host cells, and to prevent HeV and NiV fusion (Bossart et al. 2005). Since the G-protein 
elicits highly cross-reactive immune responses among known henipaviruses, the Luminex 
assay is likely to be sensitive in detecting other related henipaviruses. The presence of 
multiple different henipaviruses within and among populations may result in different 
pools of circulating antibody, and assay results may vary depending on what epitope the 
bats have mounted an immune response to, as evidenced here by the variable consistency 
between the Western blot N-protein and Luminex results. Until recently, the majority of 
HeV and NiV isolates available for neutralisation assays were obtained from human and 
domestic animal spillover hosts, with limited diversity. A greater expected, and recently 
confirmed (Wacharapluesadee et al. 2005; Smith et al. 2011b), diversity of henipaviruses 
within the natural bat hosts, in addition to limited experimental studies and a paucity of 
understanding on how bats respond immunologically to henipavirus infection, means that 
great caution must be exercised in detailed interpretation of serological results, even in 
known Pteropus hosts for HeV and NiV. 
The Luminex binding MFI values represent intensity of binding on a continuous scale. 
Usually, comparison of Luminex or ELISA results with a ‘gold standard’ assay such as a 




sensitivity and specificity of the screening assay. Serosurveys of Australasian bat 
populations using the Luminex assay have not reported the degree of correlation of 
Luminex and VNTs (Plowright et al. 2008; Breed et al. 2011a). In analyses comparing the 
output of various henipavirus assays, samples were increasingly more likely to be 
neutralising as Luminex binding assay MFI values and blocking assay percentage 
inhibition increased, but very high values of both were required before 100% correlation 
was observed between assays. Even when MFI values were natural-log transformed, and 
frequency distributions displayed bimodal peaks, there was an overlap between the tails of 
‘positive’ and ‘negative’ distributions and no clear cutoff point. This might reflect a natural 
population comprising individuals with a diverse history of pathogen exposure and 
heterogeneous individual responses to infection. Individual bat antibody levels are 
expected to be dynamic, reflecting factors such as time since last exposure and the total 
number of exposures over the individual’s life span. Consequently, classifying titres as 
‘positive’ or ‘negative’, facilitates the calculation of population-level seroprevalences, yet 
simplifies the underlying dynamics of the system. 
 
Overall, this study found frequency distribution plots of natural-log transformed binding 
MFI values and ROC curve analyses most informative in selecting an optimal cutoff. 
Highly similar results were obtained using an MFI value at the maximum extent of the 
ln(MFI) ‘negative’ distribution (400) or an MFI value that resulted in the most sensitive 
cutoff from ROC curve analyses (500). The higher value was selected as it was more 
conservative, and was supported by samples with neutralising capability at this point. 
Given that differences were observed in the minimum sensitivities between different 
Luminex machines, it is therefore recommended that similar analyses are performed for 







From this study, it is possible to infer that the primary mode of transmission of LBV and 
henipaviruses in E. helvum is horizontal, that MatAb are transmitted from mother to 
offspring, and that following waning of MatAb, seroprevalence increases with age. While 
rates of MatAb waning appear reasonably consistent between viruses, waning of infection-
derived antibodies appears to occur at a faster rate for henipaviruses than lyssaviruses.  
Clear evidence was demonstrated for exposure of multiple individuals to henipaviruses in 
the remote population of E. helvum annobonensis fruit bats on Annobón island, however, 
the situation is less clear for LBV. Seroprevalences in Annobón are notably different to 
those in E. helvum in continental locations studied using the same sampling techniques and 
assays. Isolated island populations, such as E. helvum annobonensis in the Gulf of Guinea, 
present a unique and valuable opportunity to further our understanding of the maintenance 
of viruses in wildlife populations.  
Typically, it is assumed that RNA viruses, such as henipaviruses and lyssaviruses, require 
very large population sizes or connected metapopulations to maintain viral persistence. 
While the panmictic continental population structure is likely to be contributing to the 
widespread presence of antibodies against henipaviruses and lyssaviruses across all 
sampled continental populations, the need for a metapopulation structure for henipaviruses 
to persist in Africa was not supported.  
Results from E. helvum, and from the three Australian HeV serological studies discussed in 
detail here, demonstrate the vast amount yet to be understood about the nature of, and the 
factors driving, henipavirus dynamics. While similarities are present across all studies (i.e. 
the major effect of age), or some studies (e.g. lactation), other factors are inconsistent 
across studies (e.g. seasonal and temporal dynamics). These studies span two genera across 
two continents, and at least two species of henipaviruses. While the general paucity of 
information invites comparisons across species, roosting structures and study sites, and 
stimulates areas for future research, underlying mechanisms may differ and so caution 
must be exercised in extrapolating across systems.  
Whilst cross-sectional serological studies cannot provide details on viral dynamics within 
populations, valuable information on the presence or absence of virus infections may be 
obtained. Further studies are required to bring anecdotal theory and empirical data together 
to fully understand how viruses that are considered to be acute and immunising may be 




Chapter 6 General Discussion 
The research presented in this thesis took a multidisciplinary approach to explore the ways 
in which the structure, dynamics and connectivity of Eidolon helvum populations across 
Africa, affects the viral transmission dynamics within them, by combining ecological, 
genetic, virological and epidemiological studies.  
The main conclusions from this work are: 
1. E. helvum exists as a single panmictic continental population, with extensive gene 
flow throughout mainland sub-Saharan Africa, and no evidence of segregation 
according to presumed north-south migration routes. Included in this panmictic 
population are bats on the nearshore island of Bioko in the Gulf of Guinea, 
indicating that the 32 km stretch of ocean which separates it from the continent is 
not a significant barrier to dispersal. The freely mixing continental population 
structure is likely to facilitate viral transmission between E. helvum colonies, 
consistent with the prevalence of henipavirus and Lagos bat virus (LBV) antibodies 
that was demonstrated across the species’ continental range.  
2. E. helvum populations in the isolated Gulf of Guinea islands (São Tomé, Príncipe 
and Annobón) are genetically differentiated from each other, and from the 
mainland population. While firm conclusions on the timing, or order of 
colonisation could not yet be drawn, it appears that colonisation occurred prior to a 
major spatial and/or demographic expansion of the continental population. 
Differentiation of the island populations is most likely as a result of vicariance after 
initial colonisation.  
3. The two central islands of intermediate isolation, São Tomé and Príncipe, cluster 
together genetically indicating regular gene flow between them. With regular 
dispersal between the islands, the observed asynchrony of their reproductive 
seasons could facilitate viral persistence by more frequent introduction of 
susceptible individuals, via birth, into the population. The smallest population of 
E. helvum (on the island of Annobón) is truly isolated, and gene flow has been 
sufficiently restricted to allow a significant reduction in body size and divergence 
due to isolation and genetic drift. 
4. Contrary to expectations for small populations, the presence of neutralising 
antibodies on all three isolated islands was demonstrated using multiple Hendra 
virus (HeV), Nipah virus (NiV) and LBV assays. On Annobón, there was clear 
evidence for exposure of multiple individuals to henipaviruses. With only a single 




While the continental results are not inconsistent with persistence via a metapopulation 
model of extinction and re-colonisation, the findings on Annobón indicate that such a 
mechanism is not required for henipavirus persistence.  
On São Tomé and Príncipe, population sizes are either sufficiently large to enable 
population-level persistence of these viruses, or alternatively, the following additional 
factors might be facilitating persistence: For example, regular dispersal between the islands 
and asynchrony of birth pulses; immigration from mainland or Bioko populations; or the 
availability of multiple alternative host species. However, all these factors seem unlikely 
on Annobón. With its small population size, marked isolation and genetic differentiation, 
the presence of antibodies in bats on this most isolated island raises fascinating questions 
regarding the ability of henipaviruses and LBV to persist in small populations.  
An alternative mechanism could relate to the potential for viral persistence within an 
individual, defined as the “state in an individual host that follows an initial period of 
productive infection and occurrence of an antiviral host response, in which the virus 
maintains the capacity for either continued or episodic reproduction in the same host at 
some future period” (Villarreal et al. 2000). HeV antigen has been detected in the brain of 
a horse that recovered clinically from a naturally acquired, acute HeV infection (Villarreal 
et al. 2000; Payne et al. 2011), indicating that, despite mounting an immune response, the 
virus may not have been fully cleared. Experimental studies have detected similar results in 
ferrets (Payne et al. 2011) and cats (McEachern et al. 2008) vaccinated and challenged 
with HeV. The latter study detected HeV genome in urine and saliva from infected, healthy 
cats, and isolated live virus from the brain of one cat 21 days after challenge. HeV and NiV 
are capable of persisting and resulting in clinical recrudescence in humans, but evidence of 
transmission following recrudescence is lacking. NiV recrudescence with transmission to 
in-contact bats has been suggested in captive bats in Malaysia (Sohayati et al. 2011), 
however experimental studies are required to investigate this further, and to assess the 
hypothesis that this recrudescence may occur in bats during periods of nutritional stress 
and reproduction.  
The presence of henipavirus antibodies in bats in Annobón at seroprevalences similar to 
that on continental African could be consistent with henipaviral persistence within an 
individual, with recrudescence as a mechanism for population level persistence. 
Alternatively, a long infectious period in some individuals could equally ensure persistence 
of virus within populations. For example, until an influx of susceptible individuals are 
added to the population with the seasonal birth pulse. Long infectious periods might also 
be crucial for lyssavirus persistence, though a mechanism for how this might occur in 




serological surveys of the bats on Annobón would enable further interpretation of data and 
the investigation of these factors. 
Viral diversity may play a role in both within-host and within-population viral persistence. 
Another virus in which within-individual viral persistence appears to play an important 
epidemiological role, is feline calicivirus. Recent studies have indicated that true long-term 
persistence within an individual may be much rarer than previously thought, and "the 
majority of apparent viral carriers are undergoing a combination of progressive evolution 
and cyclical reinfection" (Coyne et al. 2007). At the population level, a metapopulation 
framework of highly connected populations has been shown to facilitate global persistence 
of a diverse pool of circulating influenza A H3N2 virus strains, through seeding and re-
seeding of seasonal epidemics from multiple different locations (Bahl et al. 2011). It was 
determined that global persistence of influenza A H3N2 relied on the huge diversity of 
strains, rather than any characteristics of an individual strain itself. While results presented 
here indicated that a metapopulation structure may not be an absolute requirement for 
henipaviruses persistence, it is likely that the spatially and temporally dynamic nature of 
fruit bat metapopulations at least facilitates HeV transmission and persistence in Australia 
(Field 2005; Plowright et al. 2011). HeV was initially very difficult to isolate from its 
reservoir host, and the diversity of circulating HeV strains was unknown. However, there 
has recently been a marked increase in the number and diversity of viral strains that have 
been isolated and sequenced. It would be interesting to explore similar analyses to that in 
the influenza study above, testing whether an overlapping circulation of a diverse pool of 
strains across a metapopulation may facilitate persistence, and if the diversity of 
henipavirus strains currently being identified is contributing to global persistence. Further 
research could investigate whether more diversity exists in particular geographic areas, 
environmental clines or with certain population characteristics (i.e. resident versus 
nomadic colonies). 
This viral diversity must also be kept in mind when interpreting results from assays where 
cross-reactivity to antibodies produced against heterologous viruses could be expected. 
Assay results suggested that henipaviruses in circulation in Africa are more closely related 
to NiV than HeV, however it is likely that assay results may be reflecting cross-reactivity 
to a diverse pool of circulating antibodies rather than antibodies to a single viruses. A 
diverse range of HeV and Hendra-like viruses have been detected in urine from Pteropus 
spp. in Australia (Smith et al. 2011b), and recent findings indicate this is likely to also be 
the case for a broad range of paramyxoviruses in E. helvum in Africa (Sohayati et al. 2011; 
Baker et al. 2012). Also, for LBV, it appears likely that at least two or three LBV species 




al. 2010), and there could be even more, considering the presence of neutralising 
antibodies in genetically differentiated individuals on São Tomé and Príncipe.  
Experimental challenge and re-challenge studies have demonstrated the capability of 
lyssaviruses and henipaviruses to cause acute infections in their natural hosts, with 
development of neutralising antibodies. However, the situation is not a simple one and it is 
difficult at this stage to draw conclusions regarding whether these infections are 
immunising: while some bats seroconvert acutely after a single exposure, others require 
multiple exposures for detectable seroconversion, and some bats fail to produce detectable 
antibodies at all (Barrett 2004; Jackson et al. 2008; Turmelle et al. 2010b; Halpin et al. 
2011; Bahl et al. 2011). Since many of the bats used in these studies are wild-caught, this 
variable response may reflect previous unknown exposure to the virus despite 
seronegativity at the onset of studies. Antibody half life also appears variable; some 
lyssavirus studies indicate that antibodies can last multiple years (Field 2005; Turmelle et 
al. 2010b), while in others they wane during the course of the experimental studies (5–6 
months) (Barrett 2004; Jackson et al. 2008; Turmelle et al. 2010b). This is less well known 
for henipaviruses since extended studies are restricted by logistical and financial 
considerations related to its high biosecurity classification (BSL-4). The maximum 
duration of an experimental henipavirus study has been 51 days (Halpin et al. 2011). 
Here, the development of a model incorporating force of infection and waning immunity 
indicated that waning of infection-induced antibodies is more likely to be influencing 
seroprevalences in older bats for henipaviruses than lyssaviruses, and helped to distinguish 
presumed maternally-derived antibodies from infection-induced antibodies (including from 
vertical transmission) due to the much faster waning rate in the former. 
Finally, in addition to facilitating interpretation of the genetic and serological findings 
above, data gathered on E. helvum ecology is useful in its own right. Much of the current 
published data on E. helvum demography is from three populations in the northern 
hemisphere (Accra, Kampala and Ile-Ife). Considerable diversity was reported here in the 
age and sex structure of populations, population sizes, seasonality of reproduction and 
migration, and also the degree to which the migration occurs. Although the seasonal 
biology of this species and differences in reproductive seasons north and south of the 
equator have been frequently noted (Eisentraut 1941; Anciaux de Faveaux 1977; 
Funmilayo 1979; Richter & Cumming 2006), some authors still refer to a single time of 
breeding (DeFrees & Wilson 1988; Hayman et al. 2012b). Across the colonies sampled 
here, the birth pulse was estimated to start in March, April, September, November and 
December. Differences in birth pulses across the continental range suggest that, despite 




sampling bias, these differences must be taken into account when comparing results across 
populations and studies. 
 
Implications of this research 
In addition to challenging current hypotheses on viral persistence, the findings presented 
here have important implications for public health and conservation.  
Public health implications 
Considering the tendency of E. helvum to roost and feed in close proximity to human 
populations (including in hospital grounds) and the fact that it is widely harvested for 
bushmeat (Kamins et al. 2011, Mickleburgh et al. 2009), the potential for spillover of 
pathogens to humans is high. Coupled with enormous population sizes, widespread 
distribution across Africa, and migratory behaviour, the number of humans at risk is also 
high. The widespread presence of potentially zoonotic viruses in this species across Africa 
is therefore of significant public health concern, especially since many fatal human 
encephalidities in Africa remain undiagnosed (Mallewa et al. 2007). Despite the potential 
for undiagnosed spillover, the lack of detection to date makes it unlikely that henipaviruses 
from E. helvum would be classified as Stage IV spillover pathogens capable of sustaining 
ongoing transmission in humans at this point in time, although some sub-clinical spread 
could be occurring. Spillover of NiV into pig populations in Malaysia may have occurred 
at least once prior to detection of the major outbreak (Pulliam et al. 2005), and therefore, 
detection of henipavirus antibodies in a pig in Ghana (Hayman et al. 2011) warrants further 
study. For LBV, although no human cases have been reported, LBV causes clinical rabies 
in other spillover hosts (Markotter et al. 2008b), and therefore is unlikely to be detected as 
a cause of human rabies unless specific LBV assays are performed.  
Bats are increasingly recognised as hosts of a wide diversity of viruses, with which they 
have co-evolved over a long-evolutionary history (Calisher et al. 2006). Changes in bat-
human interactions and bat-domestic animal interactions are hypothesised to be a catalyst 
and in some cases a necessary cause for spillover to occur (Li et al. 2005; Bennett 2006; 
Field 2011; Plowright et al. 2011). Stressors such as habitat loss and land-use change, and 
increasing bat-human interactions may precipitate viral spillover from bats to other species 
(Chua 2003; Plowright et al. 2011). Understanding viral persistence and the potential for 
spillover in African bat populations in the face of extensive hunting, logging, and human 
population growth is of central importance for both conservation and public health, 




In this study, while common themes existed, the types of bat-human and bat-domestic 
animal interactions was site-specific, and the variations observed among sites may affect 
the nature and risk of zoonotic pathogen spillover. For example, bat hunters may be at 
greater risk for spillover of blood- and saliva-borne pathogens, compared to city-dwellers, 
who are repeatedly exposed to urine and aerosolised pathogens. Work underway in Ghana 
aims to further characterise these interactions, and will prove useful if spillover to humans 
is identified (Kamins et al. 2011). This is crucial as, when spillover routes and drivers are 
characterised in other locations, information can be applied to an African context. As 
examples, a high risk of NiV transmission from consumption of raw date palm sap has 
been ameliorated in Bangladesh by simple precautions such as covering the collection area 
with a bamboo skirt, and the risk of NiV spillover to pigs in Malaysia has been reduced by 
avoiding co-occurrence of intensive pig farms and fruit orchards.  
Conservation implications 
The Chiropteran order consists of >1200 spp, second only in number to rodents, yet it is 
generally poorly studied and understood. Studies are increasing and many of the important 
ecosystem services they provide are becoming better documented (Kunz et al. 2011). For 
example, fruit bats are important in maintaining ecosystem functioning as pollinators and 
long-distance seed dispersers. E. helvum may be particularly important in this respect due 
to its large population sizes, and ability to fly long distances each evening to feed, in 
addition to its extensive migratory excursions. E. helvum has been identified as the primary 
seed disperser of an important hardwood species (Taylor et al. 2001), and likely many 
others. 
Almost by definition, common species contribute a large amount to ecosystem structure 
and function, and because of this pivotal role, the decline of common species is a serious 
conservation concern (Gaston & Fuller 2008). Moreover, such declines are often difficult 
to detect since they usually occur initially through a decrease in local abundance of the 
species, whilst the distribution range is maintained (Firbank et al. 1994; Leon-Cortés et al. 
1999). Small proportional declines in abundance or changes in distribution of common 
species are difficult to detect but can result in large absolute changes in ecosystem 
integrity. 
Finally, while interpretation of the taxonomic status of E. helvum bats on São Tomé, 
Príncipe and Annobón was outside of the scope of this study, the strong population 
structuring indicates that these island populations should be managed as 2–3 conservation 




relationships in a timely manner are particularly important in Annobón given a rapid rate 
of habitat loss, and in São Tome due to the heavy hunting pressure. 
 
Further studies required 
Priorities for further work include:  
1. Continued efforts to sequence and isolate both LBV and henipaviruses. Host 
and pathogen phylogeny may not always be concordant (Biek & Real 2010; Lee et 
al. 2012), and comparison of the two can be highly informative. In fact, in some 
cases, viral phylogeographic structure has been more informative about past 
species demography and movements than host phylogeographic analyses (Biek 
2006). Efforts to isolate henipaviruses and LBV have not been successful to date; 
indeed, extensive surveys have failed to detect any LBV genomic material in 
healthy or sick bats in Ghana (Hayman et al. 2012a). Increased successes in viral 
isolation as a result of the recent development of E. helvum cell lines would 
facilitate comparisons of viral and E. helvum phylogeographic structures. 
Additionally extension of current coalescent analyses to incorporate microsatellite 
data might provide further clarification of colonisation history of the islands and 
better estimation of isolation and current gene flow. 
2. Determining the contribution of other bat species to persistence of LBV and 
henipaviruses in E. helvum. In particular, further serosurveys on São Tomé and 
Príncipe should also include sampling R. aegyptiacus tomensis and R. aegyptiacus 
princeps to investigate the potential role these species might have in maintenance 
of LBV on the islands. 
3. Longitudinal studies in captive bats, together with development of assays 
capable of differentiating between the presence of IgG and IgM antibodies, would 
be beneficial to fully characterise waning antibodies. The distinction between 
protective and detectable antibodies, and the potential for virus excretion in the 
absence of seroconversion, are other complicating factors that would require 
consideration in viral dynamic modelling.  
Assuming a constant force of infection through life, antibody levels waned at a 
much more rapid rate in individuals born seropositive than those subsequently 
infected – further work in this area is needed to explore this finding in relation to 




waxing and waning Hendra virus antibody levels in females during the 
reproductive cycle. 
Nonetheless, it will be interesting to investigate whether differences observed 
between the findings presented here, and those in published and ongoing studies 
on HeV, are simply as a result of the differences in study design and data analyses, 
or whether true differences exist in the dynamics of the African henipaviruses. If 
the latter were true, further understanding into the nature of these differences may 
provide insight into the apparent differences in spillover risk for each location, 
virus or host species. 
4. Detailed information on the migratory routes of E. helvum is needed to 
understand the drivers of these migrations, and whether they are directed or 
nomadic. This in turn is needed for identification of connected roost sites so that a 
particular population could be followed throughout the year, providing insight into 
changes in population structure, and the subsequent impact on viral transmission 
dynamics. Understanding this is key to establishing the factors driving 
transmission in this species. Additionally, resolving the lack of sampling during 
mating and birthing times may be required to properly understand transmission 
dynamics. Rapid developments in wildlife tracking technologies mean that this 
information may be available soon. 
 
Viral persistence in the Gulf of Guinea islands 
By extending research activities to remote E. helvum populations in the Gulf of Guinea 
islands, this study was able to present data to challenge theoretical models of viral 
persistence. These island populations present a unique and valuable opportunity to further 
our understanding of the maintenance of viruses in wildlife populations, particularly in 
small, isolated populations. However, further studies are required for us to bring theory and 
data together to understand fully how these viruses may be maintained in small 
populations.  
I have gained funding to further these studies and collect longitudinal data from these 
isolated island populations to test specific hypotheses relating to viral persistence. Planned 
work includes using existing knowledge and preliminary data to form an ecological model, 
as a basis for specifying a mathematical model. With this island system and the various 
ecological models (hypotheses) on population-level viral persistence in mind, a workgroup 
is currently developing mathematical models exploring viral persistence in isolated wildlife 




of interest, and through discussion between biologists and modellers, subsequently identify 
which parameters can be feasibly measured in field and laboratory studies. Data from the 
study presented here will be supplemented by new data collected on recent and planned 
field trips to expand the theoretical models above to explore the mechanisms of persistence 
of pathogens in E. helvum.  
 
Much is still to be learned regarding E. helvum ecology, viral transmission dynamics 
within its populations, and the interactions between them. However, in the face of real or 
potential risks to health of human, domestic animal, and wildlife populations, it is not 
possible to wait until all information is gathered before theories are derived. A pragmatic 
approach is required, involving, consideration of the information at hand, collection and 
analysis of new data in a way that is as scientifically rigorous as possible given the 
particular circumstances, and making judgements accordingly. Caution is required when 
forming conclusions from the data obtained, and hypotheses must continue to evolve and 
remain open to rejection or modification as more information comes to light. Taking into 
consideration the multiple factors driving pathogen spillover from wildlife populations, 
close collaboration with researchers across multiple disciplines is also hugely valuable, and 
facilitates incorporation of expertise from all relevant fields, application of novel 
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Appendix 2.1 Excerpts on the ecology of Eidolon helvum from: Allen J A, Lang H, Chapin J 
(1917) The American Museum Congo expedition collection of bats.  
“It is of great importance that only a few degrees north of the equator the seasons happen 
to be the reverse of what they are at that time south of the equator. …Thus the fruit-bats of 
these districts, by adjusting their migratory flights, might easily escape the unpleasant and 
otherwise inevitable conditions of an annual famine. In fact the power of flight could bring 
them within the fragrance of ripening fruit throughout the year, if they but chose to travel 
across country between 5° south and 5° north of the equator. Such migrations are wholly 
within the powers of fruit-bats. Since fruits are not always equally plentiful, they have to 
shift continually even in the rain-forest.” 
“They have nowhere well established roosts, nor are they present in numbers for a long 
period in any region except where cultivation of non-autochthonous fruit-trees helps 
provide an ample food-supply throughout the year, as in many eastern and western coastal 
districts. Though no positive observations with regard to regular migrations are on record 
and only "large flights" and "great numbers," without date or locality, are found in the 
descriptions of various travelers, the occurrence of several species (Eidolon helvum, 
Roussettus leachi, Roussettus aegyptiacus, Epomophorus wahlbergi, Epomophorus anurus) 
across the eastern and southern portion of the Ethiopian subregion would be a good 
reason to suggest migration as the only possible solution of their presence throughout the 
entire territory, where they would have to starve should they remain in one region 
throughout the year.” 
“In Eidolon helvum, which has the widest distribution and is also the greatest traveler 
among African fruit-bats, the third digit is especially long and the fifth rather short, thus 
forming a long and narrow wing, much better suited for its long flights.” 
“Those who have had an opportunity to see thousands of these bats defile every evening in 
the same direction high in the air have no doubt as to their performing a migration.” 
[Although] “we are not able to … show beyond a doubt that large migrations take place at 
definite seasons… It is nevertheless certain that immense numbers of Eidolon helvum 
journey about irregularly and then become abundant in regions from which they were 
previously absent.”     “Such movements might be necessary to find new fields of food 
supply.” 
“The destruction they cause may be considerable; but by transporting these fruits, 
sometimes to a distance of several hundred yards, before feeding upon them, they naturally 
distribute their seeds. … Since the larger species (Hypsignathus monstrosus, Eidolon 
helvum, and Epomophorus franqueti) habitually move fruits as large as figs or guavas in 
fairly great quantities we can easily imagine what an important role fruit-bats play in the 
propagation of certain fruit- bearing trees throughout the West African rain-forest. It may 
even surpass any similar agencies of monkeys and birds that usually receive all the credit 
in this line. Eidolon helvum with its flocks of thousands dropping into a country in search 
of ripe fruit should certainly be an effective factor for the dissemination of many forms, 
such as wild figs (Ficus).” 
[Findings of all 5 adult females caught being in late pregnancy] “would indicate the 




Appendix 2.2 Straw coloured fruit bat (Eidolon helvum) sampling protocol 
 




The bat capture and handling techniques described below place emphasis on handler safety and 
humane treatment of animals and have ethics approval from the Institute of Zoology, London. Bat 
handlers should be experienced and trained and take extreme care at all times when handling 
this species. These bats may potentially be excreting fatal zoonotic infections.  
Eyewash and an antiseptic wash will always be available.  
Any scratches or bites, or any blood, urine or faeces contamination of handlers will be immediately 
washed thoroughly and informed medical advice obtained. World Health Organisation (WHO) post 
exposure prophylaxis protocol should be followed if the handler is bitten, or sustains a needlestick 
injury. See bite protocol at the end of this document. 
Animals that inflict a bite will be euthanased and appropriate diagnostic tests performed.  Brain 
samples should be submitted to a WHO Accredited rabies laboratory. 
 
SAMPLING EQUIPMENT: 
See list at end of document 
 
SETTING MIST NETS: 
1. Select site: At the roosting site, select an appropriate location where it will be possible to 
catch bats in mist nets as they return to their roost at dawn. Look for likely flight paths and 
gaps in the vegetation. Choose two reasonably strong branches 7-20 metres apart, which 
the guide ropes can be looped over. The branches need not necessarily be exactly the same 
height, but: 
a. Ensure the net is high enough!! This species roosts very high in trees, and the 
bottom of the net must be well above the lowest roosting branch in order to be 
successful 
b. Ensure the area is clear of branches, as these could get in the way of the net as it is 
raised up and lowered down 
c. Ensure the appropriate length net is chosen. The net must be tight when erected. If 
the net is too long for the chosen location, the net will sag and bats will get 
excessively tangled. Nets available: 7, 12 and 18 metres. 
2. Set ropes: Launch a rope over each branch using a catapult, or by throwing. This can be 
done directly with a stone attached to the rope, or first with fishing line if the rope is too 
heavy. Pull the rope through and tie off to the base of the tree or a branch to secure it while 
you attach the net to the other end of the rope. Do the same with the other rope. 
3. Prepare nets: Two people should stretch out the appropriate net between the two rope 
sites. Keep it tight, and off the ground at all times to prevent debris getting caught in it. An 
extra person is helpful to hold the net off the ground. Open the net section by section 
(similar to two people folding a sheet) to ensure there are no twists in the net. 
4. Attach nets: Feed the free end of one rope through each loop of the net, from the ‘top’ 
loop (white – ‘for clouds’) to the ‘bottom’ loop (green – ‘for grass’). Be sure to feed 
through enough of the rope to leave you with free rope to hold onto when the net is raised. 
Attach each net loop to the rope by knotting the rope to itself, around the loop. Ensuring 
the distance between the loops is the same as where the loops are attached to the net. 
Someone should hold this end off the ground while you do the same with the other rope. 
5. Raise the net: With one person at each end of the net, untie the end of the rope tied to the 




not too tight or the bats will bounce out!). N.B. To stop the rope twisting, and tangling the 
net: 
a. Keep hold of both ends of the rope and keep them both tight 
b. Both people should pull up their ropes at the same time, keeping the net level as it 
rises 
c. Don’t pull too fast. 
6. Secure both ends of the rope around the base of the tree or a branch in a location and with a 
knot that is easy to tie and untie to pull the net up and down repeatedly. 
7. The nets should be initially set the day before the intended capture, and lowered and closed 









CAPTURE USING MIST NETS 
1. Wear protective clothing, including long sleeved clothes, puncture resistant gloves (e.g. 
double-glove with N-DEX®) and leather ‘welders’ gloves for handling bats. Ideally, only 
staff with current rabies vaccination should handle bats. 
2. Raise nets before the bats return to the roost from their night-time feeding (i.e. ~4:30am). 
The net should be lowered occasionally to remove bats from the net. Avoid catching more 
bats than you can safely remove before they become severely stressed or injured.  
Particularly during ‘peak’ times, a balance must be struck - lowering the net for each 
individual capture wastes time and significantly reduces the total catch, but the longer the 
bats are in the nets, the more tangled they get.  
3. Removing a bat from the net: This is the riskiest time for being bitten, particularly when 
you are focusing on untangling the net from one part of the bat’s body and your hand drifts 
too close to its mouth. Except for very experienced handlers and not-very-tangled bats, this 
is a TWO-PERSON JOB – one person to untangle it from the net (wearing a double-layer 
of N-DEX gloves) and one person to hold the bat (wearing a double-layer of N-DEX 
gloves underneath a pair of thick, leather welders gloves). 
a. Assess from which side the bat has entered the net from. The person untangling the 
bat should work from this side of the net. Usually it is easiest if the person holding 
the bat works from the other side.  
b. The person wearing thick leather gloves should hold the bat securely at the base of 
the neck, whilst another handler untangles the bat. Crochet hooks can be used to 
help untangle the bat from the net. 
c. Place bats in individual cotton bags (head first 
while holding the feet). Knot the drawstring 
around the mouth of the bag to prevent the bat 
from climbing out, and hang the bags on 
branches or on a rope with carabiners until 
processing. Ensure the bats are kept in a 
comfortable environment, away from direct 
sunlight or extreme weather, and sufficiently 
spaced out to allow air flow around the bags 
Photo by PREDICT Tanzania team 
4. Nets are closed/removed just after dawn and closed if not in use so there is no chance of 
by-catch. Captures usually finish by ~6am. 
5. Some useful tips for untangling: 
a. Usually it is easiest to untangle the feet first, then the wings, and work the net up 
towards the head. The handler can then re-adjust their handling position, to enable 
the net to be fully removed and the bat placed in the bag. 
b. Once the feet are untangled, ask the handler to hold onto them. The bats will 
always try to grasp at something to hold onto, and will re-tangle themselves. 
c. If the net is caught up in the tips of the wings, carpus (wrist) and elbow, it is often 
easier to do something quite counter-intuitive. Instead of trying to pull the net 
away from the end of the wing, it can be much easier to try and work the net up 
towards the bat’s elbow and armpit. Once all the net has been gathered in this area, 








HANDLING AND SAMPLING: 
Two experienced handlers, or at least one supervisor and a trainee handler should be present.  
All personnel should have current rabies and tetanus vaccination, will have read and 
understood these written protocols for the safe capture and handling of bats.   
Personnel should wear protective clothing, including long sleeved shirts, puncture resistant 
gloves (e.g. N-DEX®) under leather ‘riggers’ or ‘welders’ gloves.  
 
1. Set up the working area with everything required for sampling before you begin. Tubes should 
be pre-labeled and syringes pre-prepared with ~0.01 ml citrate to help prevent clotting during 
venipuncture. Cover the work surface with a bin liner or similar that can be wiped clean and 
sterilised. 
2. Fill in site/event information on the data sheet and prepare data sheets for recording individual 
animal data. Record site latitude/longitude in decimal degrees. 
3. Before removing the bat from the bag, the total weight should be measured using 
a spring balance. The weight of the empty bag after the bat is removed should be 
measured and subtract from the total weight to obtain the bat's weight. 
4. Bats should be removed from bags for processing by a double-gloved handler and 
held in a quiet environment whilst sample collection is performed. Within the bag, 
the bat should be placed chest-down on the working surface, and the head and 
neck secured with one hand. The other hand can be used to remove the bag. 
5. To hold the bat for sampling, the thumb and forefinger of the one hand should be 
used to hold the base of the neck, whilst the other hand secures the legs. The palm 
of each of the handler's hands should be pointing upwards so the bat is resting 
within cupped hands. Held properly, the bat should be comfortable and not struggle. 
 
 
    Adult female bat securely held for sampling 
 
6. Collect urine/faeces: Bats often urinate and defecate as they are removed from the cotton bag 
– if so, attempt to collect uncontaminated urine samples, either by direct collection into a 
cryovial or using a plastic pipette.  
7. The bat should be assessed for any injuries that may have occurred during capture. Animals 
with significant injuries should be humanely euthanased by IV injection of pentobarbitone, or 





8. Assign a sample number to each individual, and record the age and sex as below:  
A M Adult male – full size with developed penis and testes 
SI M SI male – full size (or near to), but undeveloped penis and testes 
A F Adult female – full size with developed nipples from previous offspring 
SI F SI female – full size (or near to), but undeveloped nipples 
Juv Juvenile – attached, suckling young. (If sampling occurs at a time of the year when 
juveniles have recently ‘fledged’, the term ‘FFJ’ (free-flying juvenile) can be used 
to distinguish from SI. 
    Adult male bat showing developed genitalia. Adult males also have a stronger orange neck ruff 
 
9. Females should be palpated to determine breeding status:  
NR (non-reproductive/not pregnant) 
VEP (Very early pregnant – uterine bulge palpable, up to 1cm diameter) 
EP (Early pregnant – uterine bulge palpable, up to 2cm diameter) 
MP (Mid pregnant – uterine bulge and foetus palpable, but no obvious abdominal 
distension of the female) 
LP (Late pregnant – foetus palpable, with distension of the female’s abdomen so that it is 
wider than the base of the ribs) 
L (Lactating – juvenile attached and suckling, or milk able to be expressed from mammary 
glands) 
10. Check for any bat flies, and collect by grabbing them with your fingers, and using forceps to 





11. An ID ring should be placed on the bat’s thumb using the ringing pliers. The ring size available 
is only suitable for adult or full-sized SI bats 
a. Before clamping the ring shut, ensure the two open ends of the ring are pointing 
directly upwards, so that when the pliers are clamped shut, both ends are brought 
together evenly by the circular part of the pliers 
b. Use the third circle on the pliers to bring the ends together first, then close completely 
with the fourth circle. 
c. Twist the ring around the bats thumb to ensure it moves freely and no skin has been 
caught 
 
12. The length of the forearm (elbow to wrist), digit 3 and digit 5 are measured and recorded.  
 
13. Collect a wing punch from an avascular area at the base of each wing.  
a. Spread each wing open and stretch an area of the wing over a firm surface so that the 
membrane is taut.  
b. Take the biopsy by pressing down and twisting the punch through the wing membrane 
until the biopsy separates from the rest of the wing.  
c. Place the biopsy punch into a labelled eppendorf tube containing 70% ethanol (either 
use fine forceps, or dip the biopsy punch in the ethanol to dislodge the sample from the 
punch). 






14. Blood collection:  
a. Bats should be held on their backs by the handler, and the wing stretched out as shown 
in step 6. 
b. Occlude the wing vein close to the body using a clothes peg (This can be done prior to 
collection of the wing punches if the vessels are small due to cold weather). 
c. Use a 25-27G needle and a pre-citrated syringe to collect blood from the wing vein. 
Blood taken should not exceed 1% of total body weight, i.e. 1 ml per 100grams. Some 
tips: 
i. Avoid stretching the wing too tight, or occluding the vein by pressing on it 
with your thumb (in the wing or as is passes along the forearm).  
ii. If the needle is inserted with the bevel pointing downwards, the needle can be 
raised within the vein to help blood flow. 
iii. Patience is the key. Withdraw the syringe plunger very slowly, avoiding 
building up too much negative pressure within the syringe. This will collapse 
the vein, or if the needle is removed the blood within the syringe will be 
rapidly aspirated and cause haemolysis. 
iv. If the bat struggles, maintain a firm hold with the hand supporting the wing, 
but let go of the syringe, to try and avoid the needle coming out or blowing the 
vein 
v. If the vein does blow, and blood flows onto the wing, suck up as much as 
possible, cover the venipuncture site with cotton wool and the peg, and try the 
other wing 
vi. The wing can be ‘pumped’ to promote blood flow 
vii. If the bats are cold, blood flow to the extremities will be reduced. The handler 
should try to keep the bat warm during the whole sampling process.  
 
d. The occluding clothes peg should be removed and placed over the venipuncture site 
prior to the needle being removed to prevent bleeding and blood contamination. 
e. Place blood into labelled 1.5ml eppendorf tubes – do not over-fill. 
f. Blood samples should be kept out of direct sunlight and refrigerated as soon as 
possible. Refrigeration/ice is even more important if there will be a significant delay 
until processing. 
g. Used needles should be disposed of into a sharps container and syringes into a clinical 
waste bag.  At the end of the processing, used equipment and protective clothing will 




15. Collect saliva swab 
a. A sterile cotton bud should be dipped in a sterile eppendorf tube containing 400ul of 
sterile ddH20, to moisten the tip before swabbing the back of the bat's throat and 
mouth. The handle of a pair of forceps may be used to open the bats mouth safely. 
b. The tip of the swab should be placed back into a sterile tube, and the remainder of the 
swab cut or snapped off  
c. If the bat is struggling at this stage, saliva collection can be skipped and the bat 
released. 
 
N.B. Insectivorous bats. Although the intention is to capture Eidolon, if any insectivorous bats are caught 
in the nets they should also be sampled.  
a. Record weight, measurements, age and sex as above 
b. Collect a wing punch 
c. Collect blood: 
a. Restrain the small bat with one hand and extend the wing. 
b. Puncture the radial artery or vein using the tip of a sterile 25 gauge needle. 
c. A drop of blood will form from the puncture. Using a micropipette, draw up to 1% of 
body weight (10 µl of blood to 1 gm), and place it into an eppendorf tube containing 
0.01ml citrate.  
 
 







• Prior to release, the bats may be offered a drink of glucose solution. 
• Bats should be released close to the roost or where captured and near to trees by tossing them 
into the air to enable them to take flight. 
• Mother-juvenile pairs should be placed back into a bag for 20 mins prior to release to help the 
juvenile re-attach and minimize chance of separation or rejection.                     
N.B. Euthanasia is appropriate under these circumstances: 
• Animal has sustained significant injuries during capture 
• Animal has bitten/scratched a handler (samples must be submitted for rabies diagnostics) 
• Animal is visibly ill and viral infection is suspected (Samples collected for viral isolation) 
IN CASE OF ACCIDENTAL DEATH OR EUTHANASIA: 
 
1. Perform a necropsy examination and collect the samples, measurements and demographic 
information (age, gender, reproductive statues) described above.  
2. Collect as much blood as possible from the heart of the dead bat (up to 5ml). 
 Use a 5 mL syringe with a 21 gauge, 1 ½ inch needle.  
 Find the xiphoid process of the sternum to use as a landmark.  
 Insert the needle at a 30-40o angle just under and to the left (the animal’s left side) 
of the xiphoid process. 
 As the needle is inserted into the chest, gently pull back on the plunger until blood 
begins to flow. Drawing blood too rapidly or forcefully may collapse the heart. 
3. For tissue sampling, plain frozen and/or RNA-Later tissue samples should be 0.2 cm x 0.2 
cm x 0.2 cm, and formalin-fixed samples should be representative samples of no thicker 
than 0.5 cm. Place tissues into cryovials. Primary target organs include: salivary gland, 
spleen, brain, kidney and upper canine teeth (use bone cutters to fracture maxilla on either 
side of tooth and twist out, avoiding fracture of tooth root). If an animal was sick, also 
include liver, heart, lung, intestine. If pregnant, include placenta, foetus, foetal fluid. 
4. Dispose of carcass and contaminated items in clinical waste or by incineration 
URINE COLLECTION: 
1. On the same day as first setting the net ropes etc, find a location under a roosting tree 
where urine could be collected on plastic sheeting with a minimal amount of vegetation 
overhead.  
2. Set up four poles/branches as corner posts to suspend the plastic sheet off the ground, or 
attach to trees using a rope. The sheet will be set up and removed each day however, so do 
this in a way that it is easy to position and remove. 
3. After setting the nets each morning, position the sheet as flat as possible to avoid urine 
rolling around and being contaminated by faeces or debris that might also land on the sheet 
4. After the bat sampling has finished, collect urine from the sheet using a 1ml pipette, 
placing up to 1ml of pooled samples into a cryovial 
5. Clean the sheets thoroughly with water. Avoid virkon as any residual virkon left on the 





1. Each sampling occasion: 
a. Clean all instruments using chlorhexidine or virkon, then rinse with water and dry 
thoroughly before packing away 
b. Wipe working surface with virkon to use again, or dispose into clinical waste bag 
2. At the end of the sampling trip 
a. burn all clinical waste and dispose of sharps appropriately.  
b. If there is sufficient time for them to dry before being packed up, disinfect the bat 
bags in virkon, then wash normally 
SAMPLE PROCESSING: 
1. Store in at ambient temperature in zip-lock bags, separated by sample type 
a. Wing punches in ethanol 
b. Flat flies in ethanol 
c. Tissues in formalin 
d. RNA-Sure samples (urine, blood – as described below) 
2. RNA-L samples should be cooled for 24 hours prior to being stored at -80 ˚C 
a. Tissues in RNA-L 
b. Saliva swabs (dipped in RNA-L) 
3. Fresh samples should be frozen as soon as possible.  
a. Urine  (aliquoted as described below) 
b. Faeces 
c. Tissues 
d. Plasma (after processing – below) 
e. Red blood cells (after processing – below) 
4. Blood processing 
a. Pre-label tubes for aliquoting 
b. Centrifuge blood samples at 2000 rpm for 6 minutes, or by hand using manual 
centrifuge until plasma and cells are well separated 
c. Wearing a face mask and gloves carefully separate sera/plasma from red blood 
cells using a 200ul micropipette. 
d. Add 100ul of the red blood cells to RNA-Sure Protection tube (up to 20 samples). 
Store the remaining red blood cells at -80˚C. 
e. Sera should be heat-treated to inactivate any pathogens by placing tubes in a water 
bath at 56˚C for 30 minutes. Alternatively, this may be done prior to the samples 
being processed in the lab in the UK, but ensure to record on the sample sheet 
whether this is required.  
5. Urine processing: Divided 1ml urine samples collected from the plastic sheeting into two 
aliquots: add 200 ul into and RNA-Sure Protection tube, and leave the remaining plain in 
the cryovial. Also do the same for samples collected from individual bats, if enough is 
collected to divide. 
6. Saliva processing: Shake each eppendeorf tube vigorously for 20 seconds. Transfer 200ul 
of rinse liquid into RNA-Sure Protection tube, and discard the swab and eppendorf tube. 
 
7. Record on the sample sheet any deviations from the above sample processing or 






 Indicates item generally required on each trip to sample the colony 
 Indicates items generally needed just on first visit to colony, or ok to leave at base camp/where 
sample processing performed 
General Field Supplies: 
 Headlamps  
 AAA batteries 
 Leatherman/Pocket knife 
 GPS unit to mark site coordinates (in decimal degrees) 
 Compass (to mark direction of flight) 
 Duct tape 
 Mosquito coils 
 Matches 
 Water canisters (for personal use, and to have water available to wash hands) 
Capture Supplies: 
 Mist nets (7, 12 and 18 metre length) 
 Rope (2 ropes of 50 m length) for hanging the mist nets 
 Fishing line for placing net ropes 
 Additional rope for hanging bags, extending net ropes etc 
 Drawstring, cotton bags for holding bats 
 Carabiners to hang bat bags to rope 
 Crochet hooks (to help untangle bats from the net) 
Data Collection Supplies: 
 Data Collection sheets  
 Clipboard 
 Pens  
 Permanent Markers 
 Digital Camera and charger 
Personal Protective Equipment (PPE) 
 Face masks 
 Safety glasses 
 long clothing 
 thick nitrile (N-dex) gloves 
 thick leather gloves (for person holding the bat) 
 First Aid Kit (including eyewash) 
 Detergent and scrubbing brush for cleaning wounds 
 anti-bacterial handwash - chlorhexidine 
Bat sampling supplies: 
 Spring scales to weigh bats 
 Needles 
o 21G (long) – cardiac puncture 
o 23G – drug administration 
o 25G - venipuncture 
o 27G - venipuncture 
 Syringes 
o 1mL - venipuncture 
o 2mL - venipuncture 
 Citrate (to preload into syringes) 
 Clothes pegs (to hold off vein for blood collection) 
 Cotton wool (to stop blood flow after blood collection) 
 Rubbing alcohol 
 Calipers (up to 150 mm) and tapemeasure for morphometric measurements 
 Sterile swabs for oropharyngeal swabs 
 Disposable biopsy punches (3 and 4mm) 
 Cutting mat for taking biopsies 
 Ringing pliers 
 Thumb rings 





o Medetomidine (IM) 
o Ketamine (IM) 
o Pentobarbitone (IV only) 
 Post-mortem kit  
o Forceps x 2 (also for collecting ectoparasites) 
o Sharp and blunt tip scissors (also for cutting swabs) 
o Bone cutters 
o Scalpel handle 
o Scalpel blades 
o Ruler 
Sample processing and storage supplies: 
 Cooler box 
 Freezer block 
 Lab coat 
 70% Ethanol (to clean equipment, store ectoparasites and wing biopsies) 
 RNA-Later (for saliva swab dipping, and sample storage) 
 RNA-Sure 
 1.5mL eppendorf tubes (blood and plasma) 
 0.5ml eppendorf tubes (ectoparasites, wing punches) 
 Cryovials (faeces, urine) 
 Tube racks 
 Field micro-centrifuge to spin blood to separate serum 
 0-200uL micropipette for aliquoting serum 
 0-200uL filter pipette tips for aliquoting serum 
 Small pots containing 10% buffered formalin for histopathology samples 
 Plastic pipettes 
 Mineral oil 
 Glass microscope slides and slide storage box (if making blood smears) 
 Ground sheet for urine collection  
 Envelopes to store teeth 
 Ziplock bags for organizing samples 
 Dry shipper to keep samples cold 
Waste Disposal Supplies: 
 Temporary sharps container (for needles, capillary tubes and pipette tips) 
 Trash bags or containers that can be disinfected 
 Virkon or similar disinfectant that kills viruses 
 Spray bottle for disinfectant 
 Paper towel 
Medications to take into the field: 
 paracetamol 
 strong painkiller - codeine phosphate 
 antihistamine tablets 
 oral rehydration sachets 





BAT BITE AND NEEDLESTICK INJURY PROTOCOL 
 
IMMEDIATELY WASH THE WOUND 
1. IMMEDIATELY wash and flush the wound thoroughly with water and detergent. 
While this is being done, shield the eyes, nose, and mouth from spray from the wound. 
This is a very effective method of destroying the virus. 
2. Remove all traces of soap then apply 70% ethanol, tincture or aqueous solution of iodine 
(e.g. 0.1% povidone iodine: Isobetadine®)  
3. Leave the wound open (never close bite wounds). 
4. Euthanase the animal that inflicted the bite, and collect both plain frozen and RNA-Later 
preserved brain, salivary gland and blood samples so the appropriate diagnostic tests may 
be performed. 
VACCINATION 
Previously vaccinated persons:  
• Vaccination schedule (with vaccines fulfilling WHO requirements) 
o one dose on days 0 and 3. The dose is either 1 standard IM dose (which may be 1 
ml or 0.5 ml depending on vaccine type ) or one intradermal dose of 0.1 ml per site 
o no RIG should be applied 
• However full treatment should be given to persons who have not demonstrated an 
acceptable rabies neutralizing antibody titre. 
Unvaccinated persons: 
• Anti-rabies vaccine should be given for Category II1 and III2 exposures as soon as possible 
and within one week of the bite according to WHO recognized regimens3  
RABIES IMMUNOGLOBULIN (RIG) 
No RIG should be applied to previously vaccinated persons. RIG is unnecessary and should not be 
administered to these persons because an anamnestic response will follow the administration of a 
booster regardless of the pre-booster antibody titer. 
For unvaccinated persons, rabies immunoglobulin should be applied once for all Category III 
exposures, within one week of the bite according to WHO recognized regimens4.  
NOTIFY RABIES LABORATORY AND GET SAMPLES TESTED 
Contact a WHO Rabies diagnostic laboratory, inform them of the details below and await 
instructions for sample submission 
 1: The type of bite/contact 
 2: What samples have been collected (or should be collected) 
 3: How long the samples will take to arrive 
NOTIFY TRAVEL INSURANCE COMPANY & REQUEST ADVICE 




NOTES ON BITE PROTOCOL: 
 
1 Category II exposure: -minor scratches or abrasions without bleeding or licks on broken skin and nibbling 
of uncovered skin⇒ use vaccine alone 
2 Category III exposure: -single or multiple transdermal bites, scratches or contamination of mucous 
membrane with saliva (i.e. licks), exposure to bats ⇒ use immunoglobulin plus vaccine 
3 Rabies Vaccines: 
• Vaccination is possible in view of the long incubation time. Antibodies are present after 10 days.  
• Three vaccines have proven to be efficacious 
o Human diploid cell vaccine (HDCV) Rabivac 
o Purified vero cell vaccine (PVRV) Verorab, Imovax , Rabies vero, TRC Verorab 
o Purified chick embryo cell vaccine (PCECV) Rabipur  
• Intramuscular Regimens: 
o Classical 5 dose intramuscular regime: one dose of the vaccine should be administered on 
days 0, 3, 7, 14 and 28 in deltoid region 
o 2-1-1 regimen: Two doses are given on day 0 in the deltoid muscle, right and left arm. In 
addition one dose in the deltoid muscle on day 7 and one on day 21. 
• Intradermal regimens: 
o 8-site intradermal method (8-0-4-0-1-1) for use with HDC (Rabivac) and PCECV 
(Rabipur). The 8 sites regimen should be particularly considered in emergency situations 
when no RIG is available.  
 Both vaccines at 0,1 mL per intradermal site 
o 2-site intradermal method (2-2-2-0-1-1 or 2-2-2-0-2) for use with PVRV (Verorab, 
Imovax, Rabies vero, TRC Verorab) and PCECV (Rabipur). 
 The volume per intradermal site is: 0,1 mL for PVRV (Verorab, Imovax, 
Rabies vero, TRC Verorab) 
 0,2 mL for PCECV (Rabipur™) or as an option 
 0,1 mL for PCECV (Rabipur™) may be considered for use by national health 
authorities. This does not apply to any other vaccine brand. 
• IM injections in the gluteal region should be avoided as they produce a lower immune response. 
Adverse reactions to the vaccine are common. Local reactions occur in 50-80% of vaccinees. 
• Steroids and chloroquine should preferably be avoided temporarily because they reduce antibody 
production. 
 
4 Rabies Immunoglobulin (RIG) 
• RIG provides immediate antibodies until unvaccinated persons respond to the vaccine by actively 
producing antibodies of their own. 
• Infiltrate into the depth of the wound and around the wound 
o as much as anatomically feasible of the RIG should be infiltrated around the wound 
o any remainder should be injected at an intramuscular site distant from that of vaccine 
inoculation e.g. into the anterior thigh 
• There are two types of immunoglobulins: 
o equine serum: cheap but risk of anaphylaxis (40 IU/kg) 
o human serum: expensive but safe (20 IU/kg). A 2 ml ampoule usually contains 300 
Int'.Units. 
• Quantities/volume of RIG: 20IU/ kg for Human RIG or 40 IU/ kg of Equine RIG.   
If the calculated dose is insufficient to infiltrate all wounds, sterile saline may be used to dilute it 2 to 3 fold 




Appendix 2.3 Sex structure of adult E. helvum in Ghana (left) and across other populations 
(right) by Phase (months since the beginning of the last birth pulse. Note that the Tanzanian 
data in Phase 8 and 9 comprise two colonies, with differences in observed sex structures. 
 
 
Appendix 2.4 Location of Novo colony, Príncipe (yellow arrow), indicating location of 
viewing point for population emergence counts (blue arrow) and the direction bats were 
observed emerging from the colony (yellow shading). The topography of the area precluded 
confirmation of emergence in other directions. Orientation of the image is shown in the top 











Appendix 2.5 Location of Ponta Bassion Gái colony, São Tomé (yellow arrow), indicating 
location of viewing point for population emergence counts (blue arrow) and the direction 
bats were observed emerging from the colony (yellow shading). The topography of the area 
precluded confirmation of emergence in other directions. Orientation of the image is shown 
in the top left corner of the image, and the distance between the colony and observation 






Appendix 4.1 Measures adopted to minimise and allow assessment of errors which may 
occur during the sampling, DNA extraction, amplification, sequencing, genotyping and data 
analysis processes (adapted from Bonin et. al 2004; Table 4). 
 
STAGE MEASURES ADOPTED TO REDUCE AND DETECT ERRORS 
Sampling 
 • Standard protocols followed for collection and labelling samples 
 • Sampling information logged on paper sampling sheets, and retained as backup 
 • Sampling data transferred to a single sampling database 
DNA extraction 
 • Inclusion of negative controls to monitor contamination 
 • Consistency in extraction protocol 
 • Extraction performed in a different room to downstream analyses 
DNA amplification 
 • Inclusion of negative control to monitor contamination 
 • Inclusion of positive control as a reference sample 
 • Consistency in amplification protocol 
 • Replicate amplifications - by main user, and also another user (blinded) 
Sequencing 
 • Inclusion of negative control to monitor contamination 
 • Inclusion of positive control as a reference sample 
 • Consistency in sequencing protocol 
 • Sequencing in both forward and reverse directions 
 • Replicate sequencing - including multiple samples individually repeated, and a 
single sample repeated many times 
Sequencing Analyses 
 • Alignment of forward and reverse sequences, with automated and manual 
checking of inconsistencies 
 • Alignment against GenBank database 
 • Multiple alignment - manual checking of all polymorphisms 
Genotyping 
 • Perform pilot study to assess suitability of new loci for larger study 
 • Automated scoring, with manual checking 
 • Inclusion of positive control as a reference sample 
 • Discard low-quality samples 
 • Inclusion of a locus invariant in 99% of samples to monitor inter-assay variability of 
CEQ allele migration 
 • Cross-reading of datasets, and repeat scoring of overall dataset if required 
Genotyping Analyses 
 • Discard poor markers from pilot study 
 • Quantify overall genotyping error rate and assess acceptability 





Appendix 4.2 Modified weightings of hypervariable sites used in NETWORK haplotype 






36 7 1 
51 5 2 
134 6 2 
159 3 7 
189 5 5 
206 3 7 
221 3 7 
272 3 7 
308 4 5 
341 3 7 
344 5 5 
383 4 5 
386 3 7 
392 8 2 




Appendix 4.3 GenBank accession numbers for cytb sequences used for Pteropodinae 
phylogeny 
GenBank Accession Number Species 
this study Eidolon helvum 
this study Eidolon dupreanum 
EU521602 Macroglossus minimus 
DQ445705 Dobsonia minor 
DQ445704 Dobsonia inermis 
AY847231 Melonycteris melanops 
FJ561376 Pteralopex acrodonta 
AB085732 Pteropus rufus 
FJ561394 Pteropus aldabrensis 
FJ561398 Pteropus seychellensis comoroensis 
EF584229 Pteropus lylei 
JF327207 Pteropus giganteus 
AB062475 Pteropus vampyrus 
FJ561400 Pteropus seychellensis seychellensis 
FJ561385 Pteropus niger 
FJ561392 Pteropus rodricensis 
FJ561390 Pteropus pumilus 
11386118 Pteropus dasymallus 
FJ561405 Pteropus voeltzkowi 
FJ561384 Pteropus livingstonii 
FJ561377 Pteropus scapulatus 
HQ689917 Pteropus samoensis 
FJ561387 Pteropus poliocephalus 
HQ689949 Pteropus mariannus 
HQ689918 Pteropus tonganus 
AB062474 Pteropus speciosus 
FJ561379 Pteropus conspicillatus 
AB062472 Pteropus hypomelanus 
AB046321 Cynopterus brachyotis 
FJ489992 Cynopterus sphinx 
FJ218480 Ptenochirus jagori 
FJ218479 Syconycteris australis 
AB062476 Eonycteris spelaea 
DQ445706 Epomophorus wahlbergi 
JF728734 Micropteropus pusillus 
JF728758 Epomops franqueti 
DQ445713 Rousettus aegyptiacus 
AF044643 Lissonycteris angolensis 
JF728759 Myonycteris torquata 
AB046329 Rousettus amplexicaudatus 
EF105524 Rousettus spinalatus 
GU228771 Rousettus obliviosus 
GU228727 Rousettus madagascariensis 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix 4.5 Estimated population structure from BAPS cluster analyses. In BAPS, non-
spatial and spatial population mixture analyses were performed using the ‘clustering of 
groups of individuals’ options. Spatial and non-spatial results were identical.  
a) Mixture analyses identified an optimum of three clusters corresponding to continental 
and Bioko populations (red), São Tomé and Príncipe (blue) and Annobón (green). Analyses 
were run ten times for each value of K (K=2 to 12). Each vertical line represents the 
proportional membership assignment of one individual to each of K coloured clusters. 
Population names: Ghana (GH), DRC (DR), Kenya (KE), Zambia (ZA), Malawi (MA), Tanzania 
(TZ), Uganda (UG), Rio Muni (RM), Bioko (BI), Príncipe (PR), São Tomé (ST) and Annobón 
(AN). 
b) Geographical orientation of clusters identified in spatial mixture analyses  
c) Admixture analyses identified 11 individuals demonstrating admixture from other 






Appendix 4.6 Estimated population structure from TESS analyses for K = 2 to 9. Analyses 1 
run using the admixture setting identified an optimum of three clusters corresponding to 2 
continental and Bioko populations (left), São Tomé and Príncipe (centre, orange) and 3 
Annobón (right, red).  4 
Population names: Ghana (GH), DRC (DR), Kenya (KE), Zambia (ZA), Malawi (MA), Tanzania 5 
(TZ), Uganda (UG), Rio Muni (RM), Bioko (BI), Príncipe (PR), São Tomé (ST) and Annobón 6 
(AN). Each vertical line represents the proportional membership assignment of one 7 
individual to each of K coloured clusters. Black lines divide the plot into sampling locations. 8 
Multiple replicate runs were assimilated and assessed for consistency in CLUMPP and plots 9 





Appendix 4.7 Assignment probabilities of individuals from STRUCTURE analyses. Admixed 12 
individuals (20-80% assignment probability to a cluster other than the cluster they were 13 
sampled from) are included in the table, and recent immigrants (>80% assignment 14 
probability) are highlighted in bold. The proportional assignment of individual, and its 15 
previous two generations of ancestors to each of three Bayesian population clusters, is 16 








Population' Cluster' I' P' G' I' P' G' I' P' G'
252' ZA' CB' 77%' ' '' 7%' 7%' 7%' 0%' 0%' 0%'
472' TZ' CB' 78%' ' '' 0%' 1%' 4%' 0%' 0%' 0%'
980' TZ' CB' 75%' ' '' 0%' 2%' 5%' 0%' 1%' 1%'
608' UG' CB' 76%' ' '' 2%' 11%' 8%' 0%' 0%' 0%'
411' RM' CB' 32%$ ' '' 0%' 30%$ 12%' 0%' 13%' 13%'
398' BI' CB' 69%' ' '' 3%' 6%' 9%' 0%' 1%' 1%'
864' BI' CB' 57%' ' '' 0%' 9%' 9%' 0%' 0%' 0%'
931' BI' CB' 64%' ' '' 1%' 17%' 12%' 0%' 0%' 0%'
430' PR' STP' 29%$ 9%' 12%' 49%$ ' '' 0%' 0%' 0%'
431' PR' STP' 14%' 5%' 6%' 74%' ' '' 0%' 0%' 0%'
734' PR' STP' 22%$ 17%' 19%' 42%$ ' '' 0%' 0%' 0%'
769' ST' STP' 0%' 0%' 0%' 68%' ' '' 0%' 13%' 13%'
973' ST' STP' 0%' 0%' 1%' 74%' ' '' 3%' 13%' 13%'
612' ST' STP' 0%' 6%' 12%' 80%' ' '' 0%' 0%' 0%'
673' ST' STP' 1%' 14%' 15%' 69%' ' '' 0%' 0%' 0%'
690' ST' STP' 0%' 0%' 1%' 75%' ' '' 0%' 1%' 1%'
792' AN' AN' 0%' 0%' 13%' 1%' 18%$ 18%$ 36%$ ' ''
795' AN' AN' 0%' 1%' 22%' 0%' 0%' 0%' 76%' ' ''




Appendix 4.8 Unrooted radial Pteropodinae phylogeny showing posterior probabilities on 
the main branch nodes. Posterior probabilities >0.8 are shown, * indicates the posterior 
probability was 0.6-0.8, and values are not shown where the posterior probability was <0.6. 
Colours represent the regional species distribution (Blue = Indian Ocean and Madagascar, 




Appendix 4.9 D-loop median joining haplotype network. No spatial clustering is present in 
continental African countries or within regions. Each circle represents a unique haplotype, 
its size is proportional its frequency. Lines represent base pair changes between two 
haplotypes. 
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Appendix 4.10 D-loop median joining haplotype network, with continental and Bioko 
samples coloured as a single panmictic population. Isolated Gulf of Guinea islands 
(Princípe, São Tóme and Annobón) are clustered into two main (and other secondary) 
haplotypes. Each circle represents a unique haplotype, its size is proportional its frequency. 
Lines represent base pair changes between two haplotypes. 
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Appendix 4.11 D-loop demographic mismatch distributions. The frequency distribution of 
observed pairwise differences within each country or region is shown in the thick black line, 
and those expected under a model of demographic expansion in the thin black line. Dotted 
lines represent confidence intervals for expected distribution. A unimodal mismatch 
distribution is observed in continental populations, and a bimodal distribution, which does 
not fit a model of demographic expansion, is observed in isolated island populations. 
Population names: Ghana (GH), DRC (DR), Kenya (KE), Zambia (ZA), Malawi (MA), Tanzania 
(TZ), Uganda (UG), Rio Muni (RM), Bioko (BI), Príncipe (PR), São Tomé (ST) and Annobón 





Appendix 4.12 D-loop spatial mismatch distributions. The frequency distribution of 
observed pairwise differences within each country or region is shown in the thick black line, 
and those expected under a model of spatial expansion in the thin black line. Dotted lines 
represent confidence intervals for expected distribution. A unimodal mismatch distribution 
is observed in continental populations, and bimodal distribution expansion is observed in 
isolated island populations, both of which fit a model of spatial expansion  
Population names: Ghana (GH), DRC (DR), Kenya (KE), Zambia (ZA), Malawi (MA), Tanzania 
(TZ), Uganda (UG), Rio Muni (RM), Bioko (BI), Príncipe (PR), São Tomé (ST) and Annobón 





Appendix 4.13 Marginal posterior probability distributions for demographic parameters 
estimated in IMa2. a) Time since divergence in pairwise analyses, where CT  = Continental 
populations, BI = Bioko, PR = Príncipe, ST = São Tomé and AN = Annobón. Distributions 
were broad and overlapping, but indicated earlier divergence of ST from the CT than other 
islands B) Estimated population migration rates in pairwise analyses. Only rates that were 
significantly different from zero are shown, and indicated higher gene flow from CT > ST 
than other islands. Migration is represented in terms of time moving forward, rather than in 
the coalescent. The estimated population rate from ST > CT was two orders of magnitude 
higher and is not shown. c) Effective population size estimates for continental and isolated 
island populations, as estimated in each of the pairwise analyses. While the continental 





Appendix 4.14: Cytochrome b and d-loop haplotype and nucleotide diversities from this 
study and published studies. These analyses helped identify the range of expected values 






Appendix 5.1. Mathematical model for age-specific serology data, incorporating waning 1 
antibody levels. This model was conceived by Alison Peel (AP) and Olivier Restif (OR). The 2 
equations were derived, and this document written, by OR. The equations were coded in R 3 
and the model fitted to data by AP and OR. 4 
Brief description 5 
Model with continuous age at steady state. Force of infection λ, loss of maternal immunity 6 
rm, loss of infection-induced immunity ri. Proportion of immune at birth p0. 7 
Objective 8 
Find an expression for the age-specific proportion of seropositive (infected or immune) 9 
individuals and fit the model to serological data for LBV and henipaviruses. 10 
Model structure 11 
We assume that the population is at steady state (no temporal variations in the numbers of 12 
individuals in each category) and consider variations with age. Let S(a), Ii(a) and Im(a) be 13 
the proportions of bats of age a that are respectively susceptible to infection, protected by 14 
past or current infection, or protected by maternal immunity. We describe the dynamics of 15 
the system with two independent compartmental sub-models, one for the cohorts of bats 16 
who were protected by maternal immunity at birth, and the other for the cohorts of bats 17 
who were not protected at birth. Let p0 be the proportion of neonates with maternal 18 
immunity. Maternal immunity is lost at rate rm, and infection-induced immunity at rate ri. 19 
We assume an age-independent force of infection λ and that there is no additional 20 




Governing equations 25 
a. Cohorts born susceptible (upper row on the diagram). 26 
 27 
dS
da = −λS a( )+ riIi a( )
dIi










Among these cohorts, , so the system can be re-written as a single 28 
equation: 29 
, and initial condition Ii(0)=0. 30 
The solution is:  31 
b. Cohorts born immune (lower row on the diagram). 32 
 33 
This system can also be simplified to a single equation by using the following properties: 34 
- according to the model, the proportion of bats with maternal immunity decreases 35 
exponentially with age: ; 36 
- the proportion susceptible can be written as: . 37 
This leads to the following equation: 38 
 39 
with initial condition Ii(0)=0. 40 
The solution is: 41 
 42 
c. All cohorts. 43 
Putting together the two cohorts, in respective proportions (1–p0) and p0, the overall 44 




S a( )+ Ii a( ) =1
dIi
da = λ 1− Ii a( )( )− riIi a( )
Ii a( ) =
λ
λ + ri
1− e− ri+λ( )a( )
dIm
da = −rmIm a( )
dS
da = rmIm a( )− λS a( )+ riIi a( )
dIi









Im a( ) = e−rma
S a( ) =1− Ii a( )− Im a( )
dIi
da + λ + ri( ) Ii = λ 1− e
−rma( )
Ii a( ) =
λ
λ + ri − rm
1− e−arm − rm
λ + ri






I a( ) = λ
λ + ri
1− e− ri+λ( )a⎡⎣ ⎤⎦ + p0e
−rma 1+ λ
λ + ri − rm









Fitting the model to data 49 
Assuming that a bat of age a has a probability I(a) of being seropositive, given the values 50 
of the four parameters of the model, we can form the likelihood of a dataset formed by N 51 
pairs where an is the age in months of bat n and xn is its immunological status 52 
(1 for positive and 0 for negative), as follows: 53 
 54 
The model was fitted to each dataset by maximising the log-likelihood function with 55 
respect to its four parameters, using R. 56 
an, xn( )1≤n≤N







































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix 5.5 Univariate analyses of LBV seroprevalences in E. helvum colonies by year of 
sampling, months after the start of the birth pulse, sex and country. All ages are combined. 

































































































































































































































































Appendix 5.7 Fitted and observed LBV seroprevalence in E. helvum bats from Annobón. The 1 
model showing in Appendix 5.5 was refitted to a dataset including Annobónese samples 2 
and included extended age class, sex and country as explanatory variables. Model formula: 3 
outcome ~ Age + Country + Sex. 4 
 5 




Appendix 5.8. a) Frequency distribution for natural log transformed NiV Luminex Binding 7 
MFI values from 77 adult and 42 sexually immature E. helvum from Tanzania, performed on 8 
Luminex machines at AAHL and IoZ. b) as above, however the AAHL MFI values were first 9 
standardised to the IoZ values by multiplying by the ratio of the AAHL:IoZ negative control 10 
MFI. Aliquots of the same negative control were used in all assays. Note that there is 11 
improved alignment of the minimum trough between the two peaks, however the peaks 12 
themselves are skewed. 13 
 14 




Appendix 5.9 Distribution of NiV IoZ Luminex binding MFI values for 402 E. helvum samples 16 
illustrating high degree of overlap between HeV/NiV VNT negative and positive samples (at 17 




Appendix 5.10. Distribution of NiV IoZ Luminex blocking assay percentage inhibition for 402 22 
E. helvum samples illustrating high degree of overlap between HeV/NiV VNT negative and 23 


































































































































































































































































































































































































































































































































































































































































































Appendix 5.13 Frequency distribution of Luminex MFI values against NiV in Eidolon helvum 






Appendix 5.14 Species distribution maps for Eidolon helvum (black shading), and other bat 
species (red shading) from which LBV has been isolated (Micropteropus pusillus, 
Epomophorus wahlbergi, Rousettus aegyptiacus, Nycteris gambiensis) or in which LBV 
antibodies have been detected (Epomophorus gambianus, Epomops buettikoferi). Adapted 
from IUCN species distribution maps (IUCN 2011). 
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